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ABSTRACT 
Compacted bentonites are proposed to be used as the barrier and backfilling materials 
in underground disposal of high-level nuclear waste. The in-situ boundary conditions 
in this case dictate exposure of compacted unsaturated bentonites to elevated 
temperature from the waste containers and hydration upon fluid uptake from the 
surrounding host rock. 
 
In the past, small- and medium-scale laboratory tests and in situ tests in prototype 
repositories have been considered by several research organizations. Most of the 
earlier studies have focussed in studying the thermo-hydraulic-mechanical-chemical 
behaviour of compacted bentonites when subjected to temperatures below 100 °C.  
 
In this thesis laboratory test results of several non-isothermal and non-isothermal 
hydraulic tests on compacted MX80 bentonite are presented. Compacted bentonite 
specimens were subjected to temperatures of either 85 or 150 °C at one end, whereas 
the temperature at the opposite end was maintained at 25 °C. A hydraulic pressure of 
600 kPa was applied during the non-isothermal hydraulic tests. The temperature and 
the relative humidity were monitored along predetermined depths of the specimens. 
The axial stress was monitored at the opposite end of the high temperature source. The 
influences of thermal and thermo-hydraulic gradients on the water content, volume-
mass properties, suction, chemical composition and mineralogy were studied in detail.  
 
The test results showed that thermal gradients caused redistribution of water content 
(soil suction), whereas thermo-hydraulic gradients caused both redistribution and an 
increase in the water content within compacted bentonites, leading to development of 
axial stresses at the opposite end of the heat source. An increase in the water content 
and degree of saturation towards the opposite end of heat source indicated 
development of a low permeability zone at the interface between the restraint and 
unsaturated bentonites. Under the applied thermal and thermo-hydraulic gradients, 
the dry density increased near the high temperature source end, whereas it 
decreased at the opposite end. A variation in the dry density is attributed to the 
combined influence of shrinkage of bentonite at and near the heat source, relaxation 
of confinement at the opposite end of heat source and macro and micro structural 
changes within compacted bentonites. Mineralogical transformation (montmorillonite 
to illite) did not occur under the applications of both thermal and thermo-hydraulic 
gradients. A variation of the water content however caused shifting of c-axis spacing 
indicating hydration and dehydration of elementary layers of montmorillonite. 
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INTRODUCTION 
 
 
 
 
 
 
 
 
1.1 Introduction 
 
The safe disposal of radioactive wastes requires a well-planned long term 
solution. The isolation and the secure packing of the waste canister is very important 
to avoid any ecological disasters. Thomas et al. (1998) stated that the geoengineered 
barriers can be used in the safe disposal of high level radioactive wastes. The deep 
geological repositories have been considered as the most suitable method for the high 
level disposal high-level waste. The underground repositories are designed as a tunnel 
system located at a minimum depth of 500 m below the surface (Pusch, 1982). The 
nuclear waste canisters will be placed in deposition holes at regular intervals along the 
tunnel network (Bucher and Müller-Vonmoos, 1989).  
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The engineered barriers system will be used to encapsulate the nuclear waste 
canisters. The engineered barriers are fabricated by highly compacted swelling clays 
(Sun et al., 2009). According to Villar and Lloret (2007) the bentonite is an ideal clay 
to serve as the buffer and backfill materials in the engineered barrier  system due to its 
low permeability, high swelling and retention capacities. With this attributes 
compacted bentonite would manage to hold the waste canisters structurally in place 
by preventing any possible collapse of the excavation and also will ensure the water 
tightness of the system by retaining the water coming from the saturated host rock 
away from the canister (Tripathy et al., 2004).  
During the operational period of the deep geological repository, compacted 
bentonites are expected to experience thermal and hydraulic loadings. The section of 
the bentonite in contact with the waste canister will be subjected to elevated 
temperatures due to the thermal dissipation of the nuclear waste, whereas the section 
in contact with the host rock will be subjected to hydraulic loading due to the water 
infiltration from the saturated host rock. Pusch et al. (2010) stated that for temperatures 
above the 100 °C the smectite minerals may get transformed to illite. Thus, a majority 
of the deep geological concept avoid the direct disposal of the nuclear waste and adopt 
a period of cooling down prior the final disposal. A better understanding of the long 
term behaviour of the compacted bentonites as the barrier and backfilling materials is 
essential for efficient design of the deep geological repository. 
The thermal and hydraulic loadings applied on the bentonite buffer can cause 
the localised shrinkage / swelling of the material. Also, the applied gradients would 
cause changes in the temperature, water content, dry density, suction and anion 
concentrations with elapsed time along the full length of the buffer. Several studies in 
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the past have focused on testing of compacted bentonites under potential deep 
geological repository conditions (application of thermal and hydraulic gradients) in 
laboratory scale experiments (Martın et al., 2000; Samper et al., 2000; Börgesson et 
al., 2001; Cuevas et al., 2002; Pintado et al., 2002; Gatabin and Billaud, 2005; Villar 
et al., 2005; Singh, 2007; Mishra et al., 2008; Villar et al., 2008; Åkesson et al., 2009; 
Fernández and Villar, 2010; Gómez-Espina and Villar, 2010; R Bag, 2010; Cleall et 
al., 2011; Schanz et al., 2013; Gómez-Espina and Villar, 2015; Tripathy et al., 2015).  
A very limited number of tests were conducted for temperatures above the 100 
°C (Gatabin and Billaud, 2005; Åkesson et al., 2009; Gómez-Espina and Villar, 2010; 
Gómez-Espina and Villar, 2015). The studies concerning the behaviour of compacted 
bentonites when it is subjected solely to thermal loading is scarce in literature (Singh, 
2007; Åkesson et al., 2009; Bag, 2011). The potential changes in the mineralogy of 
the compacted bentonite due to the thermal and hydraulic gradients is scarce in the 
literature (Gómez-Espina and Villar, 2010; Dohrmann and Kaufhold, 2014; Gómez-
Espina and Villar, 2015).  
 
1.2 Scope and objectives of the research 
 
According to Wersin et al. (2007) allowing disposal of high-level waste at 
temperatures above the 100 °C while still maintaining the performance of the 
engineered barrier system is economically highly beneficial. Further reasearch is also 
needed to explore the uncertainties that surrounds the effectes of temperatures up to 
150 °C on phase transformation from smectite to illite and the associated processes.  
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This work is a part of the Systems Approach For Engineered Barrieres (SAFE 
Barriers) project, which is a multidisciplinary research into the thermo-hydro-
mechanical-chemical (THMC) evolution of Engineered Barrier Systems (EBS) under 
the full range of environmental conditions (Fig. 1.1).  
 
Figure 1.1 Operational structure of the SAFE Barriers project 
 
This research focuses on the thermo-hydro-mechanical, chemical and 
mineralogical behaviour of compacted MX80 bentonites acting as a host for the 
nuclear waste canister. The main objectives of this research were to study the 
following aspects:  
1) To design and fabricate a testing device which will be capable of applying 
temperatures up to 200 °C and high fluid injection pressures on compacted 
bentonites while facilitating measurement of changes in the temperature,  
  
  Chapter 1 
5 
 
relative humidity and axial stress, and to study the thermo-hydraulic response 
of compacted bentonites using the device. 
2) To investigate the influence of thermal and thermo-hydraulic gradients on the 
hydro-mechanical behaviour of compacted bentonites for a temperature of 85 
°C. 
3) To investigate the influence of thermal and thermo-hydraulic gradients on the 
changes in the cations concentrations along the full length of compacted 
bentonite specimens for applied temperatures of 85 and 150 °C. 
4) To investigate the influence of thermal and thermo-hydraulic gradients on the 
mineralogy along the full length of compacted bentonite specimens for applied 
temperatures of 85 and 150 °C. 
5) To investigate the influence of thermal and thermo-hydraulic gradients on the 
development of axial stress from the compacted bentonite for temperatures 
above the 100 ℃. 
6) To investigate the influence of thermal and thermo-hydraulic gradients on the 
cations concentrations along the full length of the compacted bentonite 
specimen for temperature above the 100 ℃. 
 
Experimental studies concerning the concentrations of anions and the usage of 
numerical model to assess the thermo-hydro-mechanical and chemical behaviour of 
compacted bentonites are beyond the scope of this study.   
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1.3 Thesis outline 
 
The thesis is divided into seven consecutive chapters. 
 Chapter 1 presents the background of the research, the main objectives of this 
research and outline of the thesis. 
 Chapter 2 presents a review of literature related to this study. The structure of 
the montmorillonite and the micro-structure of compacted bentonites are presented. 
The mechanisms governing the swelling in compacted bentonites and the effects of 
thermo-hydraulic gradients and solute transports are discussed. A detailed review on 
previous studies on the thermo-hydro-mechanical-chemical behaviour are reviewed. 
The mechanisms governing the heat water and solute transport are presented along 
with various devices used in the past to carry out non-isothermal tests. 
 Chapter 3 presents the physical and chemical properties of the MX80 
bentonite used in this study. The testing devices used, their components are presented. 
The procedure adopted for preparing compacted specimens, testing methods, 
verification of the functionalities of the device accessories, the types of tests 
performed, and the procedure adopted for extracting specimens from the specimen 
mould after completion of the tests are presented. The post-mortem analyses 
(mineralogical and chemical tests) that were carried out on the extracted specimens 
are described. 
Chapter 4 presents the influence of the thermal gradients on the variation of 
temperature, relative humidity and axial stress in compacted bentonite specimens. The 
experimental program that followed is presented. The temperature, relative humidity 
variations measured at predetermined levels along the length of the bentonite 
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specimens, the monitored axial stress generated at the opposite end of the heat source 
and the profiles of the water content, dry density, degree of saturation and suction after 
termination of the thermal tests are presented. The temperatures used were 25 °C at 
the top of the specimens and either 85 or 150 °C at the bottom of the specimens. 
Chapter 5 presents the influence of the thermo-hydraulic gradients on the 
variations of the temperature, relative humidity and axial stress in compacted bentonite 
specimens. The experimental program that was followed is stated. The temperature, 
relative humidity variations measured at predetermined levels along the length of the 
bentonite specimens, the monitored axial stress generated at the opposite end of the 
heat source and the profiles of the water content, dry density, degree of saturation and 
suction after termination of the thermo-hydraulic tests are presented. The temperatures 
used were 25 °C at the bottom of the specimens and either 85 or 150 °C at the bottom 
of the specimens. The applied water pressure at the top of the specimens was either 5 
or 600 kPa. 
Chapter 6 presents the influence of the thermal and thermo-hydraulic 
gradients on the concentration of the cations and the mineralogy along the full depth 
of the specimen after the completion of the tests. A brief literature review concerning 
the influence of thermal loading and chemical changes in compacted bentonites is 
presented. The experimental program for the mineralogical and chemical analyses 
undertaken in this study are presented in detail. The main results and of the chemical 
and mineralogical tests are presented. 
 The main conclusions drawn from this research are presented in Chapter 7.
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LITERATURE REVIEW 
 
 
 
 
 
 
 
 
 
 
 
2.1 Introduction 
 
Compacted bentonites have been considered as suitable barrier and backfilling 
materials in the deep geological repository concepts (Thomas et al., 1998). The waste 
canisters are planned to be placed at depths greater than 500 m below the ground 
surface (Pusch, 1982). In some geographical locations, the canisters will be placed in 
deposition holes excavated in crystalline rock, whereas in other cases over-
consolidated deposits of soils and salt rocks may surround the disposal facilities. 
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 Compacted bentonite rings positioned surrounding the waste canisters is 
expected to create a barrier between the copper/steel canister and the host rock. 
Compacted bentonite will be used as a backfill to seal the excavated tunnels and the 
access galleries after the waste canisters put in place. In engineered barrier systems, 
the waste canister may high temperatures. Thus, the bentonite buffer is subjected to 
thermal gradients. On the other hand, the saturated host rock in some instances may 
allow supply of water/saline fluid to the barrier and backfilling materials. 
This chapter presents a review of the literature pertaining to the fundamental 
understanding of the various process (physical, chemical) that are expected to occur 
in the engineered barriers conditions which in turn will affect the long term behaviour 
of compacted bentonites as buffer material.  
Sections 2.2 and 2.3 present the structure of the montmorillonite and the micro-
structure of the compacted bentonites respectively. Section 2.4 presents the 
mechanism governing the swelling in compacted bentonites. The effects of thermal 
and hydraulic gradients and solute transport are demonstrated in this section. The 
compressibility of bentonite is demonstrated in section 2.5. In section 2.6, a detail 
review on previous studies on the thermo-hydro-mechanical-chemical behaviour of 
bentonite is presented. A review of the literature on the mechanisms governing the 
heat water and solute transport are covered in section 2.7. The influence of thermal 
and hydraulic gradients on the aspects associated with the mineralogical phase 
transformation and ion redistribution are presented in Chapter 6. A summary of this 
chapter is presented in section 2.8. 
  
  Chapter 2 
10 
 
2.2 Structure of montmorillonite  
 
Bentonites are clays that primarily contain the mineral montmorillonite. The 
mineral montmorillonite is one of three-sheet minerals classified under the smectite 
group of minerals. Upon exposed to water (either liquid or vapour form), 
montmorillonite expands. The volumetric expansion of clays occurs due to the 
mineralogical composition of their structural units. The unit layer of montmorillonite 
composed of an alumina octahedral sheet sandwiched by two silica tetrahedral sheets 
(Fig. 2.1) (Mitchell and Soga, 2005). A silicon atom at the centre and four oxygen 
atoms at each corner of a tetrahedron form the silica tetrahedral sheets, whereas an 
aluminium atom at the centre of an octahedral and six hydroxyls at each corner form 
the alumina octahedral sheet.  
 
Figure 2.1 Structure of montmorillonite mineral (Mitchell and Soga, 2005) 
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Several stacks of the clay mineral (clay particle) arranged in matrix form an 
aggregate of clay. The isomorphous substitution in the crystal lattice is responsible for 
the negative charges on the surfaces of the clay minerals (Mitchell and Soga, 2005).  
The negative charged surface attracts the exchangeable cations present in the clay 
media. According to Mitchell and Soga (2005) the physico-chemical interaction 
between montmorillonite mineral and water molecules is considered as the basis of 
analysis of the behaviour of bentonites in contact with water or electrolytes.  
 
2.3 Structure of compacted bentonite 
 
The number of elementary layers that form a bentonite particle depends on the 
water content and the exchangeable cations present in the montmorillonite (Pusch et 
al., 1990; Mitchell, 1993; Pusch, 2001; Schanz and Tripathy, 2009; Fredlund et al., 
2012). Compacted bentonites are formed from aggregates with closely spaced mineral 
particles (Delage et al., 2006). The energy used during the compaction process 
influences the spaces between the bentonite aggregates (Dixon et al., 1999). The 
porosity of the bentonite varies due to the simultaneous presence of structural units, 
particles and aggregates. In particular there are two type of pores, namely the micro-
pores and the macro-pores. (Pusch, 1982; Gens and Alonso, 1992; Yong, 1999; Lu 
and Likos, 2004; Delage et al., 2006; Montes-Hernandez et al., 2006). Delage et al. 
(2006) defines the micro-pores as the pores within the aggregates (i.e., intra – 
aggregate pores) which are the pores between the elementary layers and between the 
particles. As macro-pores or interaggregate pores are defined the pores between the 
aggregates. The pores between the particles some times are also named as interparticle 
or meso-pores (Delage et al., 2006).  
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The pore size distribution for clay specimens is determined by Mercury 
Intrusion Porosimetry (MIP) (Dixon et al., 1999; Lloret Morancho et al., 2003; 
Montes-h et al., 2003; Delage et al., 2006; Montes-Hernandez et al., 2006). According 
to Laird (2006), compacted bentonites can be described to possess ‘dual porosity’ due 
to the contribution of both micro- and macro-pores to the pore size distribution. 
According to Delage et al. (2006) a change in the water content affects the 
number of elementary elements in the bentonite aggregate, thus a change in the water 
content changes the microstructure of the compacted bentonite (Lloret Morancho et 
al., 2003). Figure 2.2 shows a schematic representation of microstructure of an 
expansive clay at very high water contents (Nagaraj and Murthy 1985).  The 
elementary layers stacked form the clay particles. The interlayer or ‘absorbed water’ 
is located between the elementary elements in the micro-pores. Clay clusters are 
formed from the arrangement of several aggregates. The void between particles and 
cluster is called macro-pores and the water contained in them is referred as the bulk 
water.   
  Chapter 2 
13 
 
 
Figure 2.2 Representation of micro structure of expansive clays (Nagaraj and Murthy, 1985) 
 
Pusch et al. (2001) stated that any potential changes in the microstructure of 
compacted bentonites immediately affects the hydraulic conductivity, swelling 
pressure and cations / anion diffusion capacities. The macro – porosity of the 
compacted bentonite reduces with the increase of the water content (Lloret Morancho 
et al., 2003; Lloret and Villar, 2007). The hydraulic conductivity of compacted 
bentonite decreases with the increase of the water content (Thomas et al., 2003).  
 
2.4 Mechanisms governing swelling of bentonite 
 
When bentonites are exposed to water or electrolyte, swelling occurs and in 
unrestrained conditions their volume increases. The hydration of bentonites under 
volume restrained conditions lead to the development of swelling pressure. According  
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to Sridharan et al. (1986), swelling pressure is the pressure required to maintain the 
void ratio of the specimens constant during the hydration process of unsaturated 
expansive soils. Two distinct mechanism govern the swelling pressure of bentonites: 
the crystalline and the osmotic swelling (Olphen, 1977).    
The hydration of the bentonite leads to the hydration of the ions and mineral 
surfaces (Pusch, 1982; Alther, 2004).  The infiltration of water between the unit layers, 
changes the c axis spacing. The water molecules entered between the layers are formed 
in layers called the hydrate layers. Up to four hydrate layers are intercalated between 
unit layers in a smectite particle (Olphen, 1977). The above process is called 
crystalline swelling (Grim, 1968; Saiyouri et al., 2000; Lu and Likos, 2004). Yong 
(1999) stated that, the crystalline swelling is controlled by the particle size, properties 
of absorbed liquid, layer charge, interlayer cations and temperature. The potential 
energies in between the elementary layers during the crystalline swelling are balanced 
by the Columbic and van der Waals attraction and Born’s repulsion forces (Laird, 
2006).   
Beyond the crystalline swelling osmotic swelling is significant (Olphen, 1977). 
The osmotic swelling occurs due to the formation of electrical diffuse double layers 
between the unit layers and in between the elementary particles (Mitchell, 1993; 
Delage et al., 1998; Bradbury and Baeyens, 2003; Delage et al., 2006; Laird, 2006). 
As stated by Mitchell and Soga (2005), during the hydration of the bentonite, the 
cations on the platelet surfaces tend to diffuse away from the mineral surfaces towards 
the water present away from the minerals in order to equalise concentration. This 
action is countered by the electrostatic attraction between the cations and the mineral 
surface, as the mineral is still governed by a charge deficit. Figure 2.3 shows, the 
distribution of ions adjacent to the clay surface for clays with very high water contents.  
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Figure 2.3 Distribution of ions adjacent to a clay surface according to the concept of the 
diffuse double layer (Mitchell and Soga, 2005) 
 
  The swelling pressure of bentonites can be determined by the Gouy-Chapman 
diffuse double layer theory (Olphen, 1977; Tripathy et al., 2004; Schanz et al., 2013). 
The experimental data show an agreement with the diffuse double layer theory when 
the distances between the surface platelets were large enough for the diffuse double 
layers to form (Shainberg and Kemper, 1966).  However, the repulsive forces formed 
from the close distances of the clay platelets doesn’t allow the formation of the double 
diffusion layers (Swartzen-Allen and Matijevic, 1974; Olphen, 1977; Tripathy et al., 
2006).  
2.4.1 Effects of temperature on the swelling pressure 
 
Pusch (1980) performed laboratory tests in which bentonite specimens were 
hydrated with distilled water and different electrolytes under two different 
temperatures (20 and 90 °C). The swelling pressure of the specimens subjected to 90°C  
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was significantly lower than the specimens treated with 20 °C. The presence of 
unstable interlayer and interparticle water due to the increased temperature lead to the 
reduction of the swelling pressure (Pusch, 1980).  Pusch et al. (1990) stated that the 
increase in temperature decreases the swelling pressure of Ca-bentonite. The results 
of Villar and Lloret (2004) on FEBEX bentonite (i.e., Ca-Mg bentonite), Romero et 
al. (2003) on Boom clay and Bag (2011) on MX80 bentonite also showed a decrease 
of the swelling pressure of at higher temperatures.  
 
2.4.2 Effects of electrolyte concentration on the swelling pressure 
 
Bentonites that are proposed to be used as barrier and backfilling materials in 
the deep geological disposal concepts are expected to be exposed to groundwater or 
electrolytes migrated from the subsurface and host rock. (Karnland et al., 2007) 
investigated the swelling behaviour of compacted MX80 bentonite in saline 
environment. The specimens were hydrated with 0.1 M, 0.3 M and 1.0 M NaOH 
solutions. The swelling pressure significantly reduced when the specimens were 
treated with 0.3 M and 1.0 M solutions. According to Karnland et al. (2007) the 
reduction in the swelling pressure occurs due to an immediate osmotic effect and a 
continuous dissolution of silica minerals leading to the loss of mass and consequently 
the decrease of the bentonite specimen. 
Castellanos et al. (2008) noted that highly compacted FEBEX bentonite (above 
1.60 Mg/m3) experiences minimum reduction of swelling capacity when treated with 
saline solutions. On the other hand, the swelling capacity of bentonite with lower dry 
density decreases significantly in saline environments. Similar findings reported also 
for Na+ and Ca 2+ bentonites by Komine et al. (2009).    
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Bag (2011) reported that compacted bentonites with dry densities in the range 
of 1.25 to 1.60 Mg/m3 and under the influence of post compaction residual stress 
exhibit less swelling pressures (8 to 15%) as compared to their stress released 
counterparts. As a result, the potential swelling pressures for compacted bentonites in 
the repositories conditions may reduce since compacted bentonites are placed without 
any post compaction lateral residual effects. 
The swelling potential of compacted bentonites is affected by the high 
concentration of NaCl. Compacted bentonite specimens exhibited a reduction in their 
exerted swelling pressure for dry densities between the 1.20 to 1.50 Mg/m3. For higher 
dry densities the effect was negligible due to the mechanisms governing the swelling 
pressure (hydration of cations and overlapping of the Stern layers (Olphen, 1977; Bag, 
2011). 
 
2.5 Compressibility behaviour of bentonite  
 
In deep geological repositories, compacted bentonites exhibit swelling when 
exposed to fluids. Upon completion of swelling, the swollen bentonite is expected to 
be in contact with host rock. The stress convergence of the host rock is an important 
issue and the pressure-void ratio relationship of the compacted bentonites (Schanz and 
Tripathy, 2005). Numerous studies have been carried out on the compressibility of 
compacted bentonites, covering a wide range of void ratios (Bolt, 1956; Mesri and 
Olson, 1971; Sridharan et al., 1986; Al-Mukhtar et al., 1999; Marcial et al., 2002; 
Tripathy and Schanz, 2007; Baille et al., 2010). Initially saturated bentonites with 
water content greater than their liquid limits used to access their compressibility 
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behaviour. Similarly, some of these studies have explored in detail the compressibility 
behaviour of compacted saturated bentonites (Baille et al. 2010).  
Sridharan et al. (1986) treated homo-ionised bentonites with pressures between 
6.25 and 300 kPa. Mesri and Olson (1971) subjected Na- and Ca-bentonites to 
pressures up to 4000 kPa. Tripathy and Schanz (2007), showed that the compressibility 
behaviour of bentonites at large pressures can be established based on the Gouy-
Chapman diffuse double layer theory. Baille et al. (2010) studied the compressibility 
behaviour of compacted bentonites at large applied pressures (up to 25 MPa). Baille 
et al. (2010) calculated the hydraulic conductivity of the compacted bentonites for void 
ratio between 0.5 and 2. The hydraulic conductivity for a void ratio of 0.5 was 5 x 10-
13 m/s, whereas for the void ratio of 2, it increased to about 6 x 10-12 m/s. 
 
2.6 Thermo-hydro-mechanical-chemical tests on 
compacted bentonites 
 
Compacted bentonites used as buffer and backfill materials in the deep 
geological repository concepts for the high-level wastes (HLW) will be subjected to 
elevated temperatures and hydraulic gradients. The thermal and hydraulic gradients 
are expected to trigger several physical processes in the bentonite (Pusch and Yong, 
2006). In order to understand the behaviour of compacted bentonites in the HLW 
disposal repositories the understanding of the heat and water flow processes is 
essential. The following processes may occur due to the exposure of the compacted 
bentonite to thermal and hydraulic gradients (Martın et al., 2000; Samper et al., 2000; 
Börgesson et al., 2001; Cuevas et al., 2002; Pintado et al., 2002; Gatabin and Billaud, 
2005; Villar et al., 2005; Singh, 2007; Mishra et al., 2008; Villar et al., 2008; Åkesson 
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et al., 2009; Fernández and Villar, 2010; Gómez-Espina and Villar, 2010; Bag, 2011; 
Cleall et al., 2011; Schanz et al., 2013; Gómez-Espina and Villar, 2015; Tripathy et 
al., 2015): (i) swelling and shrinkage of the material, (ii) possible alteration of the 
initial water content, degree of saturation, suction and dry density values, (iii) diffusion 
and advection processes could change the cations and anions concentrations along the 
full length of the compacted bentonite and (iv) possible changes of the mineralogical 
composition of the compacted bentonite.    
 
2.6.1 Thermo-hydro-mechanical testing conditions 
 
Several experimental studies were conducted in the past to investigate the 
thermo-hydro-mechanical behaviour of compacted bentonites in the engineered 
barrier systems conditions. Table 2.1 presents the initial and testing conditions of the 
laboratory scale thermal and thermo-hydraulic tests carried out using several 
bentonites. The dry density of the compacted bentonite specimens varied between 1.40 
and 1.72 Mg/m3 and the maximum applied temperature varied between 70 and 140 ℃. 
For the thermo-hydraulic tests, the hydrating fluid injected with a maximum pressure 
of 1.5 MPa. The duration of the testing periods varied from 1 day up to 8 years.  
Most off the previous studies subjected the compacted bentonite specimens to 
thermal and hydraulic loading simultaneously at opposite ends. However, the impact 
of thermal loading on the hydro-mechanical behaviour of compacted bentonites, 
particularly under the influence of high temperature has not been explored in detail in 
the past. This aspect is of interest particularly for understanding the early-life phase of 
deep geological disposal facilities. Very high temperatures of spent fuel, radioactive 
decay of wastes, and formation of high thermal zones at and near the interface of waste 
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canisters and compacted bentonite buffer are some of the in situ conditions which 
demand detailed investigations concerning the thermo-hydraulic behaviour of 
compacted bentonites at high temperatures.  
Applications of thermal and thermo-hydraulic gradients may cause development 
of stresses within compacted bentonite systems (Tripathy et al. 2015). The impact of 
magnitude of the applied temperature is crucial for the development of thermal 
gradients within compacted bentonites. The thermal gradient depends upon various 
factors, such as water content, dry density, and thermal conductivity of the 
confinement. The impact of different temperature and characteristics of the physical 
boundary on the response of compacted bentonites has not been explored in the past.   
Up to now, most HLW concepts are based on a design criterion of a maximum 
temperature of 100 °C. Most of the studies based on the above design criteria led to 
the exploring of the effects for temperatures up to 100 °C. The implementation of this 
criteria may not be cost-effective in some cases. Therefore, understanding of the 
physical and chemical processes occurring in compacted bentonites for temperatures 
above the 100 ℃ is essential for the design of future HLW repositories.
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Table 2.1 Summary of the thermal and thermo-hydraulic tests in this study 
Type 
of test 
Material used 
(bentonite) 
Specimen size Initial compaction 
condition 
Temperature 
(℃) 
Fluid 
injection 
pressure 
Reference 
Ht 
(mm) 
Dia. 
(mm) 
ρd 
(Mg/m3) 
w 
(%) 
TH FEBEX 146 150 1.65 11.23 100 1.0 MPa Samper et al. (2000) 
TH Bentonite OT-9607 100 50 1.65 16 70, 25 -- Börgesson et al. (2001) 
TH FEBEX 76 38 1.63 15.33 80, 30 -- Pintado et al. (2002) 
TH FEBEX 25 50 1.65 14.1 100, 60, 35  1.0 MPa Martın et al. (2000); Cuevas et al. 
(2002) 
 MX80 202.7 203 1.79 13.2 150, 25 -- Gatabin and Billaud (2005) 
THM Calcigel 300 150 1.65 13.5 80 -- Mishra et al. (2008) 
TH FEBEX 202.5 202 1.7 13.3 120, 84 -- Åkesson et al. (2009) 
TH MX80 -- -- 1.65 17.7 130, 90 1.5 MPa Pusch et al. (2009) 
TH FEBEX 600 70 1.65 13.6 100 1.2 MPa Villar et al. (2005), Villar et al. 
(2008); Fernández and Villar (2010) 
TH MX80 100 100 1.63 16 / 
22 
85, 25 600 kPa Cleall et al. (2011) 
TH  Calcigel 300 150 1.40 9.7 80, 20 15 kPa Schanz et al. (2013) 
TH  MX80 80 100 1.60 9.6 85, 25 -- Tripathy et al. (2015) 
TH MX80 200 70 1.72 16 140, 30 10 kPa Gómez-Espina and Villar (2010); 
Gómez-Espina and Villar (2015) 
* T-Thermal, TH-Thermo-hydraulic 
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2.6.2 Thermo-hydro-mechanical testing devices for testing compacted 
bentonite at temperatures less than 100°C 
 
Several devices have been used to study the thermal, hydraulic and mechanical 
responses of compacted bentonites. Börgesson et al. (2001) fabricated a twin cell 
apparatus called KID-BEN (Fig. 2.4). Each cell was made out of Bakelite with an 
insulating air layer. The dimensions of it are 5cm internal diameter and 10 cm height. The 
material that was used for these tests was a compacted sodium bentonite (OT-9607) with 
density 1.65 Mg/m3 which was placed in the cell. The cell had temperature regulators at 
the two ends. The temperature regulators were connected to a thermostat to circulate 
water at a constant specified temperature. The cold end of the cell had a constant 
temperature of 25 °C while the temperature at the hot end was varied from 35-70 ℃. Each 
cell served different purposes. The first one was used to measure the distribution of the 
water in the sample and the second to monitor the temperature distribution with the aid 
of six thermocouples. 
 
Figure 2.4 A schematic representation of Börgesson et al. (2001)’s experimental device 
  
  Chapter 2 
23 
 
 Pintado et al. (2002) used an apparatus that facilitated monitoring of the 
deformation during the Thermo-Hydraulic (TH) test in order to back analyse the thermo-
hydraulic properties of the bentonite (Fig. 2.5).  For the tests they used FEBEX bentonite, 
originated from the South East of Spain. The compacted bentonite samples had a dry 
density of 1.63 Mg/m3 and water content of 15.33%. The dimensions of the cylindrical 
specimen were: 38 mm diameter and 76 mm height.  The apparatus was made up of a 
perpex tube that contained a 55 mm thick insulation which covered the deformable latex 
membrane that carried the sample. In order to obtain the information of the heat flux, two 
specimens were used in the tests. The heater was a copper cylinder which contained five 
electrical resistances with 38mm diameter and 50 mm height. In order to improve the 
insulation of the soil and the durability of the membrane which was in contact with the 
heater, a liquid silicon that solidified in a few hours was used. During the tests, the hot 
side of the specimen was in the range of 70-80 °C, whereas the cold side was maintained 
at a constant temperature of 30 °C with the aid of circulating water in the stainless steel 
face, which in turn was in contact with the soil. Temperature measurements were carried 
out from the top specimen. Temperature measurements at the bottom of the specimen was 
undertaken only at the middle point to ensure the symmetry of the heat flux.  
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Figure 2.5 A schematic representation of Pintado et al. (2002)’s experimental device 
 
 Mishra et al. (2008) carried out thermal and thermo-hydraulic tests on compacted 
Calcigel bentonite. The length of the specimens used was 300 mm. In order to minimise 
the density variation instead of compacting the whole specimen in a single lift, they 
dynamically compacted 3 blocks of 100 mm thick bentonite. In this way, a constant dry 
density of 1.65 Mg/m3 could be achieved. Schanz et al. (2013) used a similar apparatus 
to conduct tests on Calcigel bentonite specimens with dry density 1.40 Mg/m3. The cell 
was made out of stainless steel with an internal liner from PTFE in order to avoid the heat 
dissipation. The thicknesses of the stainless steel and PTFE sleeves were 25 and 17 mm, 
respectively. The internal dimensions of the cell were: 150 mm diameter and 410 mm 
height. The cell has the ability to host thirteen sensors which measure temperature, 
relative humidity, water content and axial pressure. A total of eight sensors were bored 
into the specimen (5 nos. of temperature sensors and 3 nos. of water content sensors), two 
load cells were placed at top and bottom of the column cell. Three nos. of relative 
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humidity sensors were used which were placed in external chambers. The maximum 
applied temperature during the test was 80 ℃. 
 
  
Figure 2.6 A schematic layout of THM Cell (Mishra et al., 2008; Schanz et al., 2013) 
 
 Singh (2007) conducted thermo-hydraulic tests using a TH cell.  Compacted 
MX80 bentonite with a dry density of 1.63 Mg/m3 was considered for the tests. The cell 
consisted of four parts (i) the top section, (ii) the interconnecting ring, (iii) the central 
section and (iv) the bottom part. The top section is made out of a sand blasted austenitic 
stainless steel cylinder with outer diameter of 142 mm, wall thickness of 10 mm and 
height of 100 mm. On top of the cylinder, a cylinder made from the same material (250 
mm diameter and 15mm thick) was welded. The main function of the cylinder was to 
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maintain a constant temperature and facilitate supplying pressurised water at the top end 
(cold end) of the sample. The interconnecting stainless steel bars connect the top and the 
central sections and limit any leakage. An O-ring was used at top of the ring and two O-
rings were used at the bottom. The central section is a chamber that hosts bentonite sample 
(100 mm diameter and 100 mm high). It is made out of a stainless steel cylinder with 
outer diameter of 142 mm, a wall thickness of 10 mm and a height of 140 mm. The steel 
cylinder is lined with a PTFE sleeve which has characteristics of low friction and thermal 
conductivity. The dimensions of the PTFE sleeve are: 124 mm outer dia., 12 mm - wall 
thickness and a height of 140 mm. The central section of the cell has three holes staggered 
at 120° along the full height of the section, which served as the access points for the 
relative humidity and temperature probes. Prior the test, the relative humidity and 
temperature probes were needed to be bored into the bentonite sample. After the insertion 
of the probes the central part was wrapped with an insulating material to minimise the 
radial heat loss. The bottom section is a stainless steel cylinder with a dia. Of 250 mm 
and a thickness of 30 mm. The water tightness of the cell was achieved due to the use of 
two O-rings where the central and the bottom sections are connected. 
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Figure 2.7 A schematic representation of Cardiff University TH Cell (Singh 2007) 
 
Following to Singh’s (2007) work, Bag (2011)  modified the Cardiff TH cell (Fig. 
2.8) to measure the axial pressure generated from compacted bentonite during the tests. 
This was achieved by adding a loading plunger and a load cell on top of the bentonite 
sample. The load cell was placed with the top part of the load plunger to record the axial 
force. The dimensions of compacted bentonites tested using the device were: 100 mm dia. 
and 80mm height.  
  Chapter 2 
28 
 
 
Figure 2.8 A schematic representation of Cardiff University THM Cell. (Tripathy et al., 2015) 
 
2.6.3 Thermo-hydro-mechanical-chemical testing devices for testing 
compacted bentonites at temperatures greater than 100℃ 
 
Gatabin and Billaud (2005) conducted THM tests on compacted MX80 
bentonites. The dry density of the bentonite specimens was 1.79 Mg/m3. The applied 
temperature during the tests was 150 °C. A PTFE tube was used to fabricate the cell with 
a PTFE lining to avoid any heat dissipation during testing. The heater was placed (Fig. 
2.9) at the bottom of the cell (hot side) and the hydration unit at the top (cold side). Twenty 
nine sensors were used in total in order to investigate the thermo-hydraulic behaviour of  
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the compacted bentonites. Nine sensors measured the axial and radial stresses. A force 
sensor at the top of the specimen and eight pressure sensors were used to measure the 
axial and the radial stresses respectively. The temperature and relative humidity along the 
length of the bentonite specimen were measured with thirteen thermocouples and seven 
relative humidity sensors. The size of the specimen used were: 202.7 mm dia. and 203 
mm height.  
 
Figure 2.9 A schematic representation of Gatabin and Billaud (2005)’s THM cell 
 
 Villar et al. (2005) conducted thermo-hydraulic tests on FEBEX bentonite. The 
dry density and water content of the specimens tested were 1.65 Mg/m3 and 14 %, 
respectively. The cell used (Fig. 2.10) was made out of Teflon with internal diameter 7 
cm and length 20 cm. On top of the cell, a stainless steel plug was used to hydrate the 
specimen and circulate water into it in order to keep the temperature at the top of the 
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specimen constant at 30 °C. The bottom part of the cell was a stainless steel heater to 
apply a temperature of 100 °C. Three relative humidity and temperature probes were used 
to measure the temperature and relative humidity variations along the length of the 
specimen. A large number of studies were conducted at later stage using the cell for both 
FEBEX and MX80 bentonites. FEBEX bentonite samples were treated with 100 °C 
(Villar et al., 2008; Fernández and Villar, 2010). Gómez-Espina and Villar (2010, 2015) 
used the cell to conduct thermo-hydraulic tests on compacted MX80 bentonites. 
According to their experimental program a temperature of 140 °C was applied at the 
bottom of the bentonite samples during the tests. In order to facilitate the above testing 
conditions a different set of relative humidity and temperature probes were used that 
enabled measuring temperatures up to 180 °C. The cell described above couldn’t record 
the axial pressure but an indicative value could be taken after the completion of the test 
by measuring the deformation of the cell.  
 
Figure 2.10 A schematic representation of the FEBEX TH cell (Villar et al., 2008)  
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 Åkesson et al. (2009) fabricated a cell to conduct THM tests on compacted MX80 
bentonites. Similarly to Gatabin and Billaud (2005), the cell was fabricated by using a 
stainless steel tube with a PTFE sleeve inside it. Two hollow copper plates wounded with 
the heating cables were used to maintain the desired temperature, both at the top and the 
bottom ends of the specimen. The dimensions of MX80 bentonite used were: 202.5 mm 
dia. and 202 mm height. For the compaction a pressure of 32 MPa applied during the 
sample preparation process. The achieved dry density was 1.70 kg/m3. Twenty nine 
sensors were fitted in the bentonite specimen. Fourteen resistance temperature probes, 
eleven relative humidity sensors and four pore pressure sensors were used to measure the 
temperatures, relative humidity and pore water pressure along the length of the specimen. 
A load cell was used at top of the specimen and three strain gauge total pressure sensors 
were installed in the cell body to monitor the axial and radial stresses. The whole cell was 
enveloped with 50 mm thick rock-wool strips to thermally isolate it. It has to be 
mentioned that a cylindrical zone 50 mm in diameter along the vertical axis of the 
specimen left intact without any sensors so that it could be cored at the end of the test for 
analysis purposes.  
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Figure 2.11 A schematic diagram of Akesson et al (2009)’s cell 
   
2.7 Full scale tests for high level nuclear waste disposal 
 
Except of the laboratory tests that investigate the behaviour of compacted 
bentonites as buffer material for nuclear waste disposal repositories many groups around 
the world are working on large scale tests in repository conditions. There are several 
restraints governing the large scale tests with the most important being the funding that 
in needed to cover the construction of laboratories that can host this type of tests and the 
time that it needs to be dedicated for a full scale test to reach equilibrium. The following 
section covers a few large scale experiments conducted by several teams around the 
world.  
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Table 2.2 Summary of large scale THM tests 
Type 
of test 
Material used 
(bentonite) 
Specimen size Initial compaction 
condition 
Temperature 
(℃) 
Fluid injection 
pressure 
Reference 
Ht (m) Dia. (m) ρd (Mg/m3) w 
(%) 
THM 50:50 (by dry weight) 
mixture of quartz sand 
and sodium rich 
bentonite 
5.0 1.24 1.28 18.3 85 1.0 MPa Dixon et al. (2002) 
THM FEBEX 5.1 0.30 1.8 - 100 -ATM Goebel et al. (2006) 
THM FEBEX 7.92 2.28 1.6 14.4 100 1.0 MPa Gens et al. (2009) 
THM Kyungju 1.36 0.75 1.5 13 90 0.5 MPa Cho et al (2010) 
THM FEBEX 6.0 1.62 1.65 17.1 100 0.5 MPa Villar et al. (2012) 
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Dixon et al. (2002) reports the buffer-container experiment (BCE) which conducted 
at the Atomic Energy of Canada Limited’s Underground Research Laboratory at Lac du 
Bonnet, Manitoba. The BCE examined the influence of heat on the performance of a large 
mass of buffer. Temperatures, water contents, and total and hydraulic pressures within 
and surrounding the installation were monitored for approximately 2.5 years. 
The BCE fabricated in granite boreholes with 5.0 m depth and 1.24 m diameter. 
The buffer material was dynamically compacted in 50 mm thick lifts, directly into the 
boreholes using a dynamic impact hammer. During the buffer installations, various 
instruments were installed within the buffer. Vertical restraint against swelling achieved 
with the inclusion of a rigid steel cap. 
 
Figure 2.12. General Layout of the buffer-container experiment (Dixon et al. 2002) 
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A total of 511 instruments (Temperature sensors – 298, Total pressure – 56, 
Hydraulic pressure – 38, Water content – 41, Strain displacement – 81) were installed in 
the BCE to provide data for experiment analysis and to conduct field trials on the 
durability and reliability of the instruments. The instruments provided continuous record 
of the pressures and temperatures and a general indication of the water content within the 
buffer. 
Goebel et al. (2006) describe the HE experiment which performed in the Mont Terri 
Rock Laboratory in Canton Jura in the north-west of Switzerland. For the purposes of the 
experiment a niche was built in the shaly facies of the Opalinus Clay formation. A central 
vertical borehole 7.5m long and 300mm in diameter was drilled in the niche floor. A 2.0m 
long heater was introduced in the borehole and surrounded by a bentonite buffer 5.1m in 
height made of ring-shaped compacted FEBEX bentonite blocks with a dry density of 1.8 
g/cm3. 34 sensors were installed in the bentonite buffer to monitor humidity, temperature, 
total pressure and pore pressure.  
Due to the virtual absence of free water in the host rock formation, an artificial 
hydration system was needed to accelerate the hydration process in the buffer prior to the 
heating phase. A cylindrical ceramic filter was fixed to the outer part of the heater tube 
and connected to the niche equipment by means of four tubes for water injection. The 
artificial saturation of the system was under atmospheric pressure condition and lasted 
for 35 months before the heating phase (duration 18 months) began. A total of 150.51 
litres were injected into the system. The gap between the bentonite buffer and the rock, 
as well as the upper part of the borehole, were filled with sand.  
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The heater borehole was covered with a steel lid anchored to the rock to support the 
potential thrust caused by bentonite swelling. A sealing plug basically made of epoxy 
resin was installed in the upper part of the borehole, to provide gas and water tightness. 
Two pass-through pipes with a valve were installed across this plug to allow gas and 
water sampling and pressure monitoring.  
 
Figure 2.13 Layout of the HE experiment central borehole BHE-0. (Geobel et al. 2006) 
 
Gens et al. (2009) demonstrates the FEBEX (full-scale engineered barrier 
experiment) in situ test. The FEBEX in situ test simulates, at full scale, the Spanish 
repository concept for high level wastes, which envisages placing the waste-containing 
canisters in horizontal drifts surrounded by an engineered barrier made up of compacted 
bentonite.  
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The test carried out at the Grimsel test site (GTS) an underground laboratory 
excavated in granite rock in the Swiss Alps. A circular tunnel with 2.28m diameter and 
70.4 m length excavated for the needs of the test. The last 17.4m selected to perform the 
test. Two 4.54 m long and 0.90 m in diameter heaters used to simulate the heat generated 
by the high level wastes. The space between the rock surface and the heaters was 
backfilled using blocks of compacted bentonite. The bentonite is obtained from a quarry 
in the volcanic zone of Serrata de Nıjar in Southern Spain. Its smectite content is in the 
range of 88-96%. The bentonite blocks were compacted to a dry density of 1.7 Mg/m3 at 
an average water content of 14.4%. Due to the existence of several small gaps between 
blocks, the clay barrier and the rock, the overall dry density of the emplaced barrier was 
1.6 Mg/m3. The test is heavily instrumented with a total of 632 sensors to be installed in 
the engineered barrier and in the rock. The sensors are used to measure the following 
parameters: temperatures, relative humidity (total suction), pore water pressures, total 
pressures and displacements. The heating stage of the test lasted five years. 
 
Figure 2.14 Layout of FEBEX in situ test (Gens et al. 2009) 
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Figure 2.15 Heater placed in the excavated tunnel surrounded by compacted bentonite 
blocks (Gens et al 2009) 
 
In 2010 Cho et al presented the KENTEX (KAERI Engineering scale THM 
Experiment for an Engineered Barrier System) which performed at KAERI in Korea to 
study the THM behaviour of an engineered barrier system. The KENTEX test simulates 
the repository concept adopted by the Korea.   
The KENTEX test consists of a real life sized bentonite specimen tested in 
laboratory conditions. The deposition hole is simulated by a steel confining cylinder with 
inner diameter and height being 0.75 m and 1.36 m respectively.  A heater with 0.41m 
diameter and 0.68 m height are placed in the center of the confining cylinder to play the 
role of the high level waste and its thermal dissipation. The heater encapsulated by 
compacted Kyungju bentonite rings with 1.5 Mg/m3 dry density. The temperature at the 
interface of the cylindrical heater and the buffer material is set to be 90 ℃. At the same 
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time with the commencement of the heating phase water injected to the system through 
the nozzles at the side wall of the confining cylinder with a constant pressure of 0.5 MPa. 
Twelve sensors installed along and around the buffer material to measure the temperature, 
the humidity and the mechanical pressure generated. The total testing period was 350 
days. 
 
Figure 2.16 View of the KENTEX facility and a cross-section of the confining cylinder (Cho 
et al. 2010) 
  
Villar et al. (2012) demonstrates a mock up test carried out at the CIEMAT facilities 
in Madrid. The test is at almost fill scale size and is conducted in a stainless steel confining 
that simulates the host rock gallery.  
The stainless steel confining structure is oriented horizontally and its central part is 
occupied by two electric heaters with 0.17m diameter and 1.625m length to simulate the 
heat generation from the high level wastes. The space between the heaters and the steel 
structure was filled by compacted FEBEX bentonite to act as the buffer material.  
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The buffer bentonite is 6.0 m long and 1.612 m in diameter with an average dry 
density 1.65 Mg/m3 and 17.1% water content. The blocks were manufactured by 
compacting the bentonite with its hygroscopic water content by applying uniaxial 
pressures of 40–50 MPa. They were arranged in vertical sections: the sections around the 
heaters were formed by two concentric rings of blocks, and the other sections were formed 
by two concentric rings and a core of blocks 
The operational stage stared with the simultaneous application of the hydration and 
heating processes. The power supply of the heaters was automatically adjusted in order 
to supply a constant temperature of 100 °C at the heater surface and the hydration system 
supplied granitic water (from the nozzles located on the confining structure) at a constant 
controlled pressure of 0.5 MPa to hydrate the bentonite mass. More than 500 sensors were 
installed to measure temperature, total pressure, pore pressure, water injection pressure, 
relative humidity and strains 
 
Figure 2.17 General layout of the mock-up test, including instrumented sections.(Villar 
et al. 2012) 
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2.8 Mechanisms governing heat, water and solute transfer 
 
In high level waste repository concepts the bentonite buffer is expected to be 
exposed to thermal and hydraulic loadings at opposite ends. Elevated temperatures are 
generated in the vicinity of the waste canister whereas hydration occurs at the face in 
contact with the saturated host rock. Pusch and Yong (2006) described the physical 
processes occurring in compacted bentonites due to the heating and hydration at opposite 
ends (Fig. 2.12). 
 
 
 
Figure 2.18 A schematic presentation of several processes occurring in an unsaturated porous 
medium in response to heating (Pusch and Yong, 2006) 
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 Heat conduction transfers the heat from the waste canister to the host rock (Ewen 
and Thomas, 1987; Ewen and Thomas, 1989; Mitchell, 1993; Mitchell and Soga, 2005; 
Gens Solé et al., 2007). The applied thermal gradient generates the movement of the water 
vapour from the hotter towards the colder areas. The saturated host rock supplies ground 
water to compacted bentonite. An increase in the water content causes swelling of 
bentonite. Under confined condition, development of swelling pressure occurs.  
 Ewen and Thomas (1987, 1989), stated that the heat can be transported with the 
moving vapour in the form of latent heat. According to Villar et al. (1996), the geometry 
and power of the heater affects greatly the transient temperature distribution in contrast 
to the water content. 
 The high temperatures dissipating from the waste canister generates high vapour 
pressures near the heating zone. The overall pressure in the gas phase increases and an 
advective flux of vapour away from the heating element is created (Bear and Gilman, 
1995). Pusch and Yong (2006) stated that the thermal gradient generated by the two 
different temperatures at the opposing ends triggers the water movement in the buffer 
material. The rise of temperature due to the waste canister decreases the capillary pressure 
and surface tension of water in the buffer material leading to an increase in the liquid 
phase. The result of this increase is a water flux away from the heat source to distribute 
the capillary pressure uniformly in the buffer material (Bear and Gilman, 1995). From the 
above observations it is concluded that the total transfer of water in the buffer material 
due to the thermal gradient includes both vapour and liquid water. 
 The thermal and hydraulic gradients encourage the water movement in compacted 
bentonites. Dissolved salts are carried by the liquid water by advection from the hydration 
zone. The concentration of the salts increases in the evaporation zone, producing a  
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diffusive flux of dissolved salts away from the heater (Gurr et al., 1952; Nassar and 
Horton, 1989; Villar et al., 2008; Cleall et al., 2011; Gómez-Espina and Villar, 2015). 
Advective and diffusive fluxes of transport may or may not be equal to each other. Once 
the advective and diffusive fluxes are not equal the concentration of salts near the heater 
increases until it reaches the solubility threshold and salt begin to precipitate (Bear and 
Gilman, 1995; Villar et al., 2008; Cleall et al., 2011; Gómez-Espina and Villar, 2015).  
The solute transport in bentonites is affected by the chemical and mineralogical 
interactions, ion exchange reactions and transformation, dissolution and precipitation of 
minerals (Fernández et al., 2004; Cleall et al., 2007; Fernández and Villar, 2010; Villar 
et al., 2013; Gómez-Espina and Villar, 2015). Pusch and Yong (2006) stated that the 
transport rate of ions in clay depends on their concentration gradient and their diffusivity. 
The main mechanism governing the solute transport in highly compacted bentonites is 
diffusion due to the low hydraulic conductivity and smaller hydraulic gradients (Martın 
et al., 2000; Kozaki et al., 2001; Mitchell and Soga, 2005). With an increase in the dry 
density an increase in the surface diffusion of ions due to the better connectivity of the 
montmorillonite particles was noted (Kozaki et al., 2001). The temperature is the key 
variable that mostly influences the process of transport (Martín et al., 2000).   
The solute diffusion process seems to have less effect on the sealing potential and 
the thermo-hydro-mechanical properties of the engineered barriers (Buil et al., 2010).  
During the solute transport processes the chemical dissolution/precipitation and exchange 
reaction occurs causing further change in solute concentrations (Fernández et al., 2004; 
Villar et al., 2008; Fernández and Villar, 2010; Gómez-Espina and Villar, 2010; 
Fernandez et al., 2012; Villar et al., 2013; Gómez-Espina and Villar, 2015). Further 
studies are required to investigate the heat, water and solute transfer processes in  
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compacted bentonites involving thermal and hydraulic gradients to improve the 
understanding on the subject.  
 
2.9 Summary 
 
The chapter presents a literature review on the behaviour of compacted bentonites 
as buffer and backfill materials in engineered barrier systems. The structure of 
montmorillonite and the microstructure of compacted bentonites are presented. The 
parameters that affect the swelling pressure of the compacted bentonite are reviewed. A 
detailed review of the various thermo-hydraulic testing apparatuses is presented. The 
mechanisms governing the mass, heat and solute transport in compacted bentonites are 
presented.   
 A review of the literature on the behaviour of compacted bentonites suggested that 
some aspects of their usage as buffer and backfill materials in the engineered barrier 
systems require further investigations. These aspects include: (i) the influence thermal 
gradient and thermal insulation type on the hydro-mechanical response of compacted 
bentonites, (ii) influence of thermo-hydraulic gradient involving high water injection 
pressure and high temperature on the thermo-hydraulic response of compacted bentonite, 
(iii) the influence of thermal gradients and thermo-hydraulic gradients (for temperatures 
below and above the 100 ℃) on the axial stress development at the opposite end of the 
heat source in compacted bentonites, (v) the influence of thermal gradients (for 
temperatures below and above the 100 °C on the solute transport in compacted bentonites, 
and (vi) influence of high temperature on the mineralogical changes.  
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MATERIALS AND METHODS 
 
 
 
 
 
 
 
3.1 Introduction 
 
 This chapter presents the properties of the materials used in this investigation, the 
testing devices used and the test methods adopted for carrying out various laboratory tests. 
MX80 bentonite was used in the main experiments. Speswhite kaolin was used to perform 
calibrating the behaviour of the testing devices used. Sections 3.2 and 3.3 present the 
physical and chemical properties of MX80 bentonite and Speswhite kaolin. The suction - 
water content relationship of MX80 bentonite is presented in section 3.4. The testing 
devices used and their components are described in section 3.5. Additionally, Section 3.5 
present the procedure adopted for preparing compacted specimens, testing methods, 
verification of the functionalities of the device accessories, the types of tests performed, 
and the procedure adopted for extracting specimens from the specimen mould after  
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completion of the tests.  Section 3.6 presents the description of the post-mortem analyses 
(mineralogical and chemical tests) that were carried out on the extracted specimens. 
Section 3.7 summarises the work undertaken in this chapter. 
 
3.2 Properties of MX80 bentonite used  
 
 
 MX80 bentonite was procured from TOLSA UK Ltd. (www.tolsa.com) for the 
research work. The initial water content, liquid limit and plastic limit of the bentonite 
were determined by following the procedures laid out in the British standards (BS 1377-
2 1990). The initial water content, liquid limit and plastic limit of the bentonite were 
found to be 15.2%, 400% and 58 % respectively. 
The specific gravity of soil solids was determined by following the procedure 
suggested in the British Standards (BS1377-2, 1990). Kerosene was used as the non-polar 
fluid to determine the specific gravity of the bentonite. The calculations of the specific 
gravity of the bentonite were performed with the application of the density correction 
factor for kerosene. The specific gravity of MX80 bentonite used in this study was found 
2.8.  
The specific surface area for the bentonite was determined by the ethylene glycol 
mono-ethyl ether (EGME) method (Heilman et al., 1965). The specific surface area for 
MX80 bentonite was found to be 654 m2/g.  
The ammonium acetate method was used to determine the total and fractional 
cations present in the bentonite (Klute, 1986; Sparks et al., 1996). The bentonite was 
found to contain: Na+ (67.12 meq/100g), K+ (1.95 meq/100g), Ca2+ (44.67 meq/100g) and 
Mg2+ (14.35 meq/100g). The type and amount of soluble ions were determined by 
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saturation extract method using water that enabled calculating the fractional exchangeable 
cations as: Na+- 44.83 meq/100g, K+ - 1.20 meq/100g, Ca2+ - 42.11 meq/100g, and Mg2+ 
- 3.29 meq/100g. The total cations exchange capacity of the bentonite was found to be 
91.43 meq/100g.  
To determine the mineralogy of the bentonite, the X-ray diffraction analysis was 
undertaken. The X-ray diffraction utilises the Bragg’s law and determines the specific 
minerals based on the relationship between the intercept angle and the c-axis spacing 
(Mitchell and Soga, 2005). Two grams of MX80 bentonite was obtained after sieved 
through a 63 μm sieve at hygroscopic water content and treated with ethylene glycol. The 
treated material was then placed on a glass plate and inserted in the goniometer where it 
was bombarded with X-rays. Figure 3.1 shows the Philips automated diffractometer used 
in this study. 
 
 
Figure 3.1 Philips automated diffractometer PW1710 used in this study 
 
The minerals were identified from their respective peaks, and the semi-
quantitative analysis determined their percentages (Fig. 3.2). The bentonite was found to  
Controller 
Temperature 
controlled water 
bath 
X-Ray 
generator 
Goniometer 
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contain 82% of montmorillonite, 12% of quartz and 16% of other minerals (e.g. 
cristoballite, feldspars etc.). 
 
Figure 3.2 X-ray diffraction chart for MX80 bentonite used in this study 
 
3.3 Experimental program for non-isothermal and non-
isothermal-hydraulic tests 
 
 The main objectives of the investigation was to study in detail the influence of 
very high temperature gradient on the thermal and hydraulic behaviour of compacted 
bentonites. Two types of thermo-hydraulic column cells were used for this purpose.  
For the tests at 85 °C, the thermo-hydraulic column cell proposed by Tripathy et al. 
(2015) was used, whereas a new thermo-hydraulic column cell was fabricated and used 
for the tests at 150 °C. The descriptions of these two devices are presented in the following 
sections. 
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3.3.1 Thermo-hydraulic column cell (for tests at 85 °C) 
 
 A schematic diagram of the thermo-hydraulic column cell used by Tripathy et al. 
(2015) is shown in Fig. 3.3. The cell was used for the tests at a temperature of 85 °C. The 
cell enabled applying both thermal and hydraulic gradients. The cell facilitated measuring 
the relative humidity and the temperature at predetermined locations along the depth of 
specimens and the axial pressure at the top of the specimens.  
 
Figure 3.3 A schematic of the thermo-hydraulic column cell used in this at 85 °C. (Tripathy et al., 
2015) 
 
The main components of the cell are a stainless steel base, a central section (100 
mm diameter and 140 mm high), a connecting ring, and a top part. A 
polytetrafluoroethylene (PTFE) forms the liner of the central section for reducing the heat  
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loss through the outer wall of the cell during tests. A metal heater is used to apply thermal 
loading (85 °C) at the bottom end of the specimen. A dual thermocouple is attached at the 
centre of the heater. One of the thermocouple is connected to the heater controller and 
other one is connected to a data logger. The thermocouple connected to the heater 
controller maintains the temperature of the metal heater at 85 °C. The other thermocouple 
measures the actual temperature on the surface of the heater. A loading plunger fitted with 
a metal porous of solid disc rests on top of the specimens.  
The central section of the cell contains three holes each separated by a distance of 
20 mm but staggered by an angle of 120°. Similarly, three holes were drilled on the 
specimens, aligned with the holes in the central section of the cell, for accommodating 
the relative humidity and temperature measurement probes. The relative humidity and 
temperature measuring probes were manufactured by Vaisala, Helsinki, Finland. The 
accuracy of the probes used was ±1.0 % for the range of relative humidity between 0 to 
100 % and ±1.0 °C for the range of temperature measurement between -40 and 100 °C. 
 
3.3.2 Specimen preparation and testing methods (for tests at 85 ℃) 
 
Four independent tests were carried out on compacted bentonite specimens using 
the thermo-hydraulic column cell. The dry density of the compacted specimens was kept 
same for ensuring reproducibility of the test results. Cylindrical specimens were prepared 
by statically compacting bentonite powder (water content = 15.2 %) to a targeted dry 
density of 1.65 Mg/m3 in four layers, each 20 mm thick. Each layer was subjected to a 
static load of about 90 kN. The height and diameter of the specimens were 80 and 100 
mm, respectively. Compaction of bentonite powder was carried out inside the central  
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section of the cell by static compaction method and using a high-capacity compression 
testing machine (see Fig. 3.4).  
  
Prior to preparing the specimens, the inner surfaces of the central part of the cell 
were lubricated with silicon grease. Removal of the applied compaction stress caused an 
axial expansion of the bentonite specimens. The dry densities of the compacted specimens 
were calculated based on the mass of compacted specimens and revised heights. The 
revised initial dry densities of the specimens were found to be similar (1.65 ± 0.1 Mg/m3).  
Prior to the tests, the column cell was transferred to a 50 kN capacity load frame. 
The relative humidity and temperature measurement probes were inserted through the 
predrilled holes. High temperature grease was applied at the junctions between different 
sections of the cell to prevent the vapour leakage. At the end the cell was not 100% as the 
intrusive method of installing the Relative humidity and Temperature probe creates small 
(a) (b) 
Figure 3.4 (a) Photograph of the compaction mould used and (b) photograph showing the 
static compaction process 
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paths from which the vapour can dissipate. The cell was covered with thermal insulator. 
Two types of external thermal insulations were used, such as 20 mm thick rock wool 
covered with duct tape and 40 mm thick rock wool with reflective tape. The load cell was 
placed on top of the plunger and restrained against any movement. 
During the thermal gradient tests, the compacted bentonite specimens were heated 
to a temperature of 85 °C at the bottom end. Temperature control at the top end of the 
specimens was achieved via circulation of water within an internal copper coil. A 
heating/refrigerating (heater/cooler) water circulator (not shown) was used to control the 
temperature of the circulating water within the coil. The heating/refrigerating circulator 
had a proportional integral-derivative (PID) controller and an adjustable over heating cut 
out. The empty space on top of the loading plunger was filled with deionized water. 
During the thermal gradient tests, the temperature of the water suspended at the top 
section of the THM cell was maintained at 25 °C by circulating water through the coil. 
The transient temperature, relative humidity and axial pressures were monitored during 
this test phase. During the thermo-hydraulic tests, in addition to the temperatures applied 
during the thermal tests, deionized water was supplied from the top end of the specimens 
at a pressure of 600 kPa. The empty space on top of the loading plunger was filled with 
deionized water and the specimens were allowed to hydrate. Unfortunately, this 
experimental setup is not able to measure the amount of water flowing in the system. The 
relative humidity and the axial pressures were monitored during the thermo-hydraulic 
tests. The pressure gauge and quick release valve were used to release hydraulic pressure 
when the thermo-hydraulic tests were terminated.  
Table 3.1 presents test conditions and duration of the tests. After termination of 
the tests, post- mortem analyses were carried out. The descriptions of the post-mortem 
analyses are presented in section 3.6.
Table 3.1 Experimental program for thermal and thermo-hydraulic tests 
Test 
no. 
Type of 
test 
Initial conditions Insulation 
type 
Test 
duration 
(days) 
Information gathered 
w 
(%) 
ρd 
(Mg/m3) 
Sr 
(%) 
During Tests After the tests 
T 
(℃) 
RH 
(%) 
p 
(kPa) 
w 
(%) 
Mineralogical 
composition 
Concent
ration of 
cations  
 
1. 
 
 
 
 
 
Thermal 
 
15.2 
 
1.65 
 
45.8 
20mm 
rockwool with 
duct tape 
 
90 
 
Y 
 
Y 
 
Y 
 
Y 
 
Y 
 
Y 
 
2. 
 
15.2 
 
1.65 
 
45.8 
40mm 
rockwool with 
reflective tape 
 
160 
 
Y 
 
Y 
 
Y 
 
Y 
 
Y 
 
Y 
 
5. 
 
 
 
Thermo-
hydraulic
 
15.2 
 
1.65 
 
45.8 
40mm 
rockwool with 
reflective tape 
 
285 
 
Y 
 
Y 
 
Y 
 
Y 
 
Y 
 
Y 
 
6. 
 
15.2 
 
1.65 
 
45.8 
40mm 
rockwool with 
reflective tape 
 
285 
 
Y 
 
Y 
 
Y 
 
Y 
 
Y 
 
Y 
w – Water content, ρd – Compacted dry density, Sr – Degree of saturation, T – Temperature, RH – Relative humidity, p – axial stress 
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3.3.3 Thermo-hydraulic column cell (for tests at 150 ℃)  
 
A schematic diagram of the thermo-hydraulic cell is shown in Fig 3.5. The cell 
was used for the tests at a temperature of 150 °C. The cell enabled applying both thermal 
and hydraulic gradients. The cell facilitated measuring the relative humidity and the 
temperature at predetermined locations along the depth of specimens and the axial 
pressure at the top of the specimens. 
  
Figure 3.5 A schematic of the high temperature thermo-hydraulic column cell used for the tests 
at 150 °C.  
1 
2  
5  
3  
4  
6  
7  
10  
8  
9  
11  
100 
 
220 mm 
 
36
0 
m
m
  
1. Load Cell 
2. Load Plunger 
3.  Water Inlet 
4. Top part of the cell 
5. Circulating copper 
coil 
6. Interconnecting ring 
7. Rockwool insulation 
8. PTFE sleeve 
9. Stainless steel  
10. RH and T probes 
11. Metal Heater 
 
  Chapter 3 
55 
 
The design of this cell based on the existing THM cell used for lower 
temperatures. The main components of the cell are a stainless steel base, a central section 
(100 mm diameter and 360 mm high), a connecting ring, and a top part. A 
polytetrafluoroethylene (PTFE) forms the liner of the central section for reducing the heat 
of the cell during tests. A metal heater is used to apply thermal loading (150 °C) at the 
bottom end of the specimen. A dual thermocouple is attached at the centre of the heater. 
One of the thermocouple is connected to the heater controller and other one is connected 
to a data logger. The thermocouple connected to the heater controller maintains the 
temperature of the metal heater at 150 °C. The other thermocouple measures the actual 
temperature on the surface of the heater. A loading plunger with a metal porous or solid 
disc rest on top of the specimens. Figure 3.6 shows a photograph of the main components 
of the thermo-hydraulic column. 
The central section of the cell contains five holes each separated by a distance of 
60 mm the first four. The last hole is placed in a distance of 40 mm from the heater. The 
holes are staggered by an angle of 90°. Similarly, five holes were drilled on the specimens, 
aligned with the holes in the central section of the cell, for accommodating the relative 
humidity and temperature measurement probes. The relative humidity and temperature 
measuring probes were manufactured by Vaisala, Helsinki, Finland. The accuracy of the 
probes (HMP110) used in case of the tests at 85 °C was ±2.5% and ±3.5% for the range 
of relative humidity between 0 to 90% and 90 to 100%, respectively. The accuracy of 
temperature sensor in this case was ±0.4 °C for the range of temperature measurement 
between 40 and 80 °C. The accuracy of the probes (HMT315) used in case of the tests at 
150 °C was ±(1.5 + 0.015 x reading)% for the range of relative humidity between 0 to 
100% and for an operating temperature range of – 40 to 180 °C. The accuracy of the 
temperature sensor in this case was ±0.2 °C.   
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3.3.4 Specimen preparation and testing methods (for tests at 150 ℃) 
 
 Five independent tests were carried out on compacted bentonite specimens using 
the thermo-hydraulic column cell shown in Fig. 3.5. The dry density of the compacted 
specimens was kept same for ensuring reproducibility of the test results. Cylindrical 
specimens were prepared by statically compacting bentonite powder (water content = 
15.2 %) to a targeted dry density of 1.65 Mg/m3 in 10 layers, each 30 mm thick. Each 
layer was subjected to a static load of about 120 kN. The height and diameter of the 
specimens were 300 and 100 mm, respectively. Compaction of bentonite powder was 
carried out inside the central section of the cell by static compaction method and using a 
high-capacity compression testing machine (Fig. 3.7). 
  
Figure 3.6 Photograph showing the main components of the thermo-hydraulic column cell for 
tests at 150 °C 
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Figure 3.7 Photograph showing the static compaction process 
 
Prior to preparing the specimens, the inner surfaces of the central part of the cell 
were lubricated with silicon grease. Removal of the applied compaction stress caused an 
axial expansion of the bentonite specimens. The dry densities of the compacted specimens 
calculated by using the mass of compacted specimens and their revised heights. The 
revised initial dry densities of the specimens were found to be similar (1.65.± 0.1 Mg/m3).  
Prior to the tests, the column cell was transferred to a 50 kN capacity load frame. 
The relative humidity and temperature measurement probes were inserted through the 
predrilled holes. High temperature grease was applied at the junctions between different 
sections of the cell to prevent the vapour leakage. The cell was covered with thermal 
insulator. Two types of external thermal insulations were used, such as 20 mm thick rock 
wool covered with duct tape and 40 mm thick rock wool with reflective tape. The load 
cell was placed on top of the plunger and restrained against any movement. 
THM Cell 
main body 
High capacity 
compaction device 
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During the thermal gradient tests, thermal loading of 150 °C applied at the bottom 
end. Temperature control at the top end of the specimens was achieved via circulation of 
water within an internal copper coil. A heating/refrigerating (heater/cooler) water 
circulator (Fig 3.8) was used to control the temperature of the circulating water within the 
coil. The heating/refrigerating circulator had a proportional integral-derivative (PID) 
controller and an adjustable over heating cut out.  
 
Figure 3.8 Heating/refrigerating water circulator 
 
 During the thermal gradient tests, the temperature at the top of the cell was 
maintained at 25 °C by circulating water through the coil. The transient temperature, 
relative humidity and axial pressures were monitored during this test. During the thermo-
hydraulic tests, in addition to the thermal loading, deionized water was supplied at the top 
end of the specimens at an injection pressure of 600 kPa and the specimens were allowed 
to hydrate. The relative humidity and the axial pressures were monitored during the  
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thermo-hydraulic tests. The pressure gauge and quick release valve were used to release 
hydraulic pressure when the thermo-hydraulic tests were terminated. 
Table 3.2 presents test conditions and duration of the tests. After termination of 
the tests, post- mortem analyses were carried out. The descriptions of the post-mortem 
analyses are presented in section 3.6. 
3.3.5 Verification of temperature and relative humidity probes 
 
 The relative humidity and temperature probes were calibrated prior to using them 
in the actual tests. Calibration of the temperature was performed at three temperatures, 
such as 25, 85 and 120 °C. The response of the relative humidity sensors was verified 
with the aid of saturated potassium chloride solution. Potassium chloride (KCl) solutions 
were prepared in 1000 ml glass flasks. Figure 3.9 shows a relative humidity and 
temperature probe inside the flask during the calibration tests. The insertion point of the 
probe was sealed air-tight during the calibration tests. The relative humidity in the flask 
corresponding to saturated potassium chloride solution would be 85% at a temperature 
25 °C (Ulery and Drees, 2008). The relative humidity and temperature readings of the 
solution were monitored with elapsed time. 
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Figure 3.9 Photograph showing the calibration of a relative humidity probe 
 
Figure 3.10 shows the measured relative humidity of the solution with elapsed 
time. The standard relative humidity of the solution is shown in Fig. 3.10. The values of 
the relative humidity during the equilibrium of the probes is within the ±1.0% range given 
by the manufacturer. The calibration process was repeated before each test. 
.
   Chapter 3 
61 
 
Table 3.2 Experimental program for thermal and thermo-hydraulic tests 
Test 
no. 
Type of 
test 
Initial conditions Insulation 
type 
Test 
duration 
(days) 
Information gathered 
w (%) ρd (Mg/m3) Sr (%) During Tests After the tests 
T 
(℃) 
RH 
(%) 
p 
(kPa) 
w 
(%) 
Mineralogical 
composition 
Concentration 
of cations  
 
3. 
 
 
 
 
 
Thermal 
 
15.2 
 
1.65 
 
45.8 
20mm 
rockwool with 
duct tape 
 
140 
 
Y 
 
Y 
 
Y 
 
Y 
 
Y 
 
Y 
 
4. 
 
15.2 
 
1.65 
 
45.8 
40mm 
rockwool with 
reflective tape 
 
190 
 
Y 
 
Y 
 
Y 
 
Y 
 
Y 
 
Y 
 
7. 
 
 
 
 
 
Thermo-
hydraulic 
 
15.2 
 
1.65 
 
45.8 
40mm 
rockwool with 
reflective tape 
 
90 
 
Y 
 
Y 
 
Y 
 
Y 
 
Y 
 
Y 
 
8. 
 
15.2 
 
1.65 
 
45.8 
40mm 
rockwool with 
reflective tape 
 
300 
 
Y 
 
Y 
 
Y 
 
Y 
 
Y 
 
Y 
 
9. 
 
15.2 
 
1.65 
 
45.8 
40mm 
rockwool with 
reflective tape 
180 
(on-
going) 
 
Y 
 
Y 
 
Y 
 
Y 
 
Y 
 
Y 
w – Water content, ρd – Compacted dry density, Sr – Degree of saturation, T – Temperature, RH – Relative humidity, p – axial stress 
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Figure 3.10 Calibration of the relative humidity probes 
 
 The accuracy of the temperature sensors in the probes were verified with the aid 
of a laboratory oven. The probes were inserted in the oven from the top. The entry 
point of the probe was sealed for air-tight. The oven temperature was set at the 155 
°C. Figure 3.11 shows the arrangement of the probe in the oven. 
The temperature readings were monitored with elapsed time. The equilibrium 
temperature of the probe was within the ±1.0 °C range given by the manufacturer. The 
measured temperature agreed well with the temperature within the oven. The calibration 
process was repeated before each test.   
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Figure 3.11 Photograph showing the calibration of the temperature probe 
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3.3.6 Thermal expansion of the Thermo-hydraulic column cell 
 
Prior to the commencements of the Thermal and thermohydraulic tests the 
thermal expansion of both existing and new thermohydraulic column cells investigated. 
The most crucial part in the column design regarding to the thermal expansion is the 
PTFE liner which is in direct contact with the compacted bentonite specimen.  
The expansion of the PTFE liner tested with the following procedure. Dummy 
thermal tests conducted with two different types of samples. The first sample was made 
out of the same PTFE as the cell’s liner and the second sample made out of Speswhite 
Kaolin. The Speswhite kaolin chosen as a control sample material for its low 
expansibility during the thermal loading. Samples with 80 mm height and 100 mm 
diameter used for thermal tests at 85 °C whereas for the 150 °C the sample are 300mm 
tall and have 100mm diameter. The samples inserted in the thermohydraulic columns 
described in sections 3.3.1 and 3.3.3. During the thermal tests the axial pressure exerted 
from the samples during their thermal loading monitored with the aid of a plunger and a 
load cell as in the thermal and thermohydraulic tests described above. The duration of 
each test was 24 hours and it stopped once it ensured that the axial pressure equilibrate. 
Figures 3.12 and 3.13 show the axial pressures generated from the PTFE and Speswhite 
kaolin samples during the thermal expansion tests.  
From the following graphs demonstrate that the thermal loading has a limited 
effect on the Speswhite Kaolin whereas the PTFE sample shows a significant increase 
in its axial pressure for the same testing conditions. From the two tests it is possible to 
understand that the expansion of the PTFE liner has minimum effect on the recorded 
axial pressure as it is primarily related to the respective sample’s material.  
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Figure 3.12 Thermal expansion test at 85 °C 
 
 
Figure 3.13 Thermal expansion test at 150 °C 
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3.3.7 Specimen extrusion following non-isothermal and non-
isothermal hydraulic tests 
 
 Following the completion of the tests shown in Tables 3.1 and 3.2, the compacted 
bentonite specimens were extruded form the thermo-hydraulic column cells to conduct 
post-mortem analysis. For the thermo-hydraulic tests, water was drained from the top of 
the cells. The electric heater and the water circulator bath were switched off. The load 
cell was disconnected from the load plunger. The cell was transferred from the load 
frame and placed on a working bench. The top part and the interconnecting ring were 
detached from the cell. The load plunger was detached from the top of the specimen. 
The relative humidity and temperature probes were extruded from the specimen with 
extreme care to avoid any damages as they needed to be reused. During the thermo-
hydraulic tests it was extremely difficult to extrude the relative humidity and temperature 
probes located at the hydrated zones of the specimens. To minimise any damages on the 
cast heater it was extruded along with the bentonite specimen with the help of a hydraulic 
extruder (Fig.3.14). 
 During the extrusion process for the specimens that were tested at 85 °C, the top 
end of the specimen was placed on the piston of the extruder, whereas the other end was 
in contact with the reaction plate. The hydraulic jack was used to extrude the heater, 
PTFE disk and the specimen from the mould. 
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Figure 3.14 Photograph showing the hydraulic extruder used for extruding specimens after 
tests 
 
For the extrusion process of the specimens that were tested at 150 deg. cent., a 
high capacity extrusion device was used to extract the bentonite specimens (Fig 3.15). 
The top side of the specimen rested on a 350 mm thick cylindrical spacer. The central 
section restrained axially with the aid of the reaction plate and some wooden blocks. An 
increase in the load on the spacer enabled extruding the heater, PTFE disc and the 
bentonite specimen from the mould. 
  
Piston 
Reaction Plate 
Handle 
Hydraulic Jack 
Metal Frame 
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Figure 3.15 Photograph showing the extrusion of the bentonite specimen from the high 
temperature thermo-hydraulic column cell 
 
3.4 Post-mortem analysis of extruded bentonite specimens 
 
 Following the extrusion, the bentonite specimens were analysed to investigate 
the water content, dry density, mineralogical composition and soluble cations 
concentration along the depth of the specimens. The specimens were sliced into 20 mm 
thick pieces. A cutting frame was used to securely cut the material for the desired 
thickness (Fig. 3.16). A portion of each slice was oven dried and grounded in powder 
with a mortar and a pestle. The bentonite powder was dry sieved using a 63 μm sieve  
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and stored in air-sealed plastic bags along with the other portions from the same depth 
of the specimen for further analyses (see Fig. 3.17).   
 
 
Figure 3.16 Cutting frame and bentonite specimen 
 
 
Figure 3.17 Bentonite specimens stored in airtight plastic bags 
Cutting frame 
Bentonite specimen 
Hacksaw 
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3.4.1 Water content and dry density 
 
 The water content of each slice was determined by following the procedure laid 
out in the British standards (BS 1377-2 1990). The volume of each slice was measured 
using the molten wax method (ASTM-D, 4943-08-2008). The volume measurements 
were carried out in duplicate and the average value were considered for the analysis. The 
dry density and degree of saturation of each slice were calculated using the volume – 
mass relationships from the measured water content and volume of each slice.  
 
3.4.2 X-ray diffraction analysis 
 
 The powder from each slice was subjected to x-ray diffractometer analysis to 
determine any possible mineralogical changes that have occurred in the non-isothermal 
and non-isothermal hydraulic tests. The procedure adopted for x-ray diffraction test is 
described in section 3.1. Each powder specimen was tested under three conditions. The 
conditions were undried, dried and treated with ethylene glycol.     
 
3.4.3 Soluble cations 
 
The soluble cations concentration was measured with the aqueous extraction 
technique. 1 gram of oven dried bentonite powder from each slice was mixed with 10 
ml of distilled water. The sample mixtures were placed in a reciprocating horizontal 
mechanical shaker and were shaken for 24 hours (Fig 3.18). Following the shaking 
process, mixtures were transferred to 50 ml centrifuge tubes and centrifuged to separate 
the supernatant solutions from the bentonite paste.  
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Figure 3.18 Reciprocal shaker and sample flasks 
 
The supernatant solution were collected and placed in a one litre capacity water 
extraction flask. A Buchner funnel was fitted with a Whatman no.42 filter paper and 
connected to the water extraction flask. The bentonite paste collected from the centrifuge 
tube was placed on top of the filter paper. The Buchner funnel was fitted with a vacuum 
supply. The sample paste was filtered with a 0.45 µm filter. The filtered solution with 
the supernatant solution from the centrifuge was collected and stored for further 
chemical analysis.  
The filtered solutions were tested to find the concentrations of the soluble cations 
for each slice. The concentrations of Na+, Ca2+, Mg2+ and K+ were determined with the 
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OS) (Fig. 3.19). 
Testing flasks  
Shaker 
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.  
Figure 3.19 Perkin Elmar Optima-2100 DV Inductively Coupled Plasma Optical Emission 
Spectroscopy (ICP-OES) 
 
3.5 Summary 
 
The physical and chemical properties of the MX80 bentonite used in this study 
are presented in this chapter. The liquid limit, plastic limit, shrinkage limit, specific 
gravity, specific surface area, cations exchange capacity and mineralogical components 
are presented.  
The design and fabrication of cells for non-isothermal and non-isotherm 
hydraulic tests are presented. The procedures followed for specimen preparation, 
verification tests for the relative humidity and temperature probes, extrusion of the 
specimens after the completion of the non-isothermal and non-isothermal hydraulic 
tests, and post-mortem analysis have been presented.  
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EFFECT OF TEMPERATURE GRADIENTS 
ON THERMO-HYDRO-MECHANICAL 
BEHAVIOUR OF COMPACTED BENTONITE 
 
 
 
 
 
 
 
 
4.1 Introduction 
 
A number of large scale laboratory and in-situ experimental investigations, under 
various boundary conditions were carried out in the past to study the coupled thermo-
hydro-mechanical behaviour of compacted bentonites. Studies were conducted on 
compacted bentonites for temperatures above and below the 100 °C by simultaneous 
application of temperature and hydraulic pressure (Börgesson et al., 2001; Cuevas et al., 
2002; Pintado et al., 2002; Villar and Lloret, 2004; Singh, 2007; Villar and Lloret, 2007;  
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Villar et al., 2008; Villar and Gómez-Espina, 2008; Villar and Lloret, 2008; Villar 
et al., 2008; Åkesson et al., 2009; Gens et al., 2009; Fernández and Villar, 2010; Gómez-
Espina and Villar, 2010; Bag, 2011; Gómez-Espina and Villar, 2015). In many of the 
cases, variations of the temperature and relative humidity with elapsed time were 
monitored along the depth of the compacted bentonite specimens. In a few cases, the 
development of axial pressure due to the application of thermal and thermo-hydraulic 
gradients for temperatures less than 100 °C was also monitored. After the termination of 
the tests, changes in the dry density, the water content, the degree of saturation and the 
concentration of anions and cations were determined. At this stage, studies concerning 
the influence of temperatures above 100 °C on the variations of the axial pressure, 
temperature, relative humidity (suction), water content, dry density, degree of saturation 
and concentrations of ions, are limited. The main objective of this chapter is to bring out 
the influence of thermal gradients with temperatures above and below 100 °C on the 
thermo-hydro-mechanical response and variations of volume-mass properties of 
compacted bentonite specimens. The influence of coupled thermo-hydraulic gradients 
on the behaviour of compacted bentonites is presented in Chapter 5.  
Section 4.2 presents the experimental program that was undertaken for the study. 
Section 4.3 presents the temperature and relative humidity variations measured at 
predetermined levels along the length of the bentonite specimens during the non-
isothermal tests at high temperatures. The thermal gradients in these tests involved 
applying either 85 or 150 °C at the bottom end of the specimens while maintaining a 
temperature of 25 °C at the opposite end. The axial pressures generated during the tests 
are presented. The profiles of water content, dry density, degree of saturation and suction 
after termination of the tests are presented. Section 4.4 summarises the key findings 
derived from this chapter.  
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4.2 Experimental program  
 
The devices used for carrying out the non-isothermal tests on compacted 
bentonites at temperatures of 85 and 150 °C are presented in chapter 3 (Figs. 3.3 and 
3.5). The procedure adopted for preparing compacted specimens and experimental 
methods are described in Chapter 3 (Section 3.5). Tables 3.1 and 3.2 present the 
experimental program followed for the non-isothermal tests. 
In total four tests were carried out. The dry density of the compacted bentonite 
specimens was 1.65 Mg/m3. The applied temperature at the bottom of specimens for 
tests 1 and 2 was 85 °C, whereas that for specimens in tests 3 and 4 was 150 °C. The 
temperature at the top of the specimens was maintained at 25 °C in all cases.  The 
dimensions and the mass of the compacted specimens were measured after compaction 
process. The volume of the specimens was calculated from the know dimensions. The 
dry densities of the specimens were calculated from the known mass, volume and water 
content of each specimen. 
Figure 4.1 depicts the tests conditions and the information gathered during the 
tests with applied temperatures of 85 °C at the bottom and 25 °C at the top of the 
specimens. The diameter and height of the specimens in these cases were 100 mm and 
80 mm respectively. A 20 mm thick rockwool insulation covered with duct tape was 
used for the specimen in test no. 1, whereas a 40 mm thick rockwool insulation covered 
with reflective was tape used for the specimen in test no. 2. The duration of the test in 
case of the specimen in test 1 was 115 days, whereas it was 155 days for the specimen 
in test 2 (Table 4.1). The temperature and relative humidity along the depth of the 
specimen were measured with the relative humidity and temperature probes described 
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in chapter 3 (section 3.5). The relative humidity and temperature probes were bored in 
the specimens at distances of 20, 40 and 60 mm from the heater. The axial pressure 
developed at the opposite side of the heater was measured with the aid of a load cell 
during the full length of the tests. The tests were terminated when the values of 
temperature and relative humidity along the predetermined depths of the compacted 
bentonite specimens and the axial pressures at the top of the specimens were 
equilibrated. 
 
 
 
 
 
Figure 4.1 Schematic representation of temperature, relative humidity and axial stress 
measured in compacted bentonite specimens during thermal tests at 85℃. 
 
Figure 4.2 presents the tests conditions and the information gathered during the 
tests with applied temperatures of 150 °C at the bottom and 25 °C at the top of the 
specimens. The diameter and height of the specimens in these cases were 100 mm and 
300 mm respectively. A 20 mm thick rockwool insulation covered with duct tape was 
used for the specimen in test no. 3, whereas, a 40 mm thick rockwool insulation covered 
with reflective tape was used for the specimen in test no. 4. The duration of the test in 
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case of the specimen in test 3 was 140 days, whereas it was 190 days for the specimen 
in test 4 (Table 4.1). The temperature and relative humidity along the depth of the 
specimen were measured with the relative humidity and temperature probes described 
in chapter 3 (section 3.5). The relative humidity and temperature probes were bored in 
the specimens at distances of 60, 120, 180 and 240 mm from the heater. The axial 
pressure developed at the opposite side of the heater was measured with the aid of a load 
cell during the full length of the tests. Due to a fault in the equipment the axial pressure 
of the test number 3 couldn’t be recorded. The tests were terminated when the values of 
temperature, relative humidity along the predetermined depths of the compacted 
bentonite specimens and the axial pressures at the top of the specimens were 
equilibrated.  
After termination of the non-isothermal tests, the specimens were sliced into 
20mm using a hacksaw. Each slice was broken down into smaller samples and a part of 
the sliced sample was powdered for XRD tests. The water content of each slice was 
determined from oven-drying test. Two parts of each sliced samples were used to 
measure volume by using the molten wax method (ASTM-D, 4943-08-2008). The dry 
density and the degree of saturation of the samples were determined from the volume 
and water content measurements. 
The anions and cations concentration in each slice were determined with the 
aqueous extraction technique by using Ion Chromatography (IC) and Inductively Couple 
Plasma Optical Emission Spectroscopy (ICP-OES) methods. The effects of the thermal 
gradient on the distribution of anions and cations in the compacted bentonite specimens 
are presented in Chapter 6. 
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Figure 4.2 Schematic representation of temperature, relative humidity and axial stress 
measured in compacted bentonite specimens during thermal tests at 150 ℃ 
  
4.3 Test results and discussion  
 
The following sections present the influence of insulation type used and the 
applied temperature gradients adopted during the tests on the thermal, hydraulic and 
mechanical response of the compacted bentonite specimens.  
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4.3.1 Temperature variations at an applied temperature of 85 °C 
 
Figures 4.3 and 4.4 present the measured temperatures with elapsed time at 
predetermined depths of the specimens for the two non-isothermal tests at 85 °C (i.e., 
Test nos. 1 and 2). The insulation type used was found to influence the thermal 
equilibrium time. With a 20 mm thick insulation (Test no. 1), the temperature at all 
predetermined depths equilibrated in about 58 days, whereas the equilibrium was 
reached within about four hours for the test with a 40 mm thick insulation (Test no. 2). 
Therefore, thermal conduction through the specimen cell was reduced upon using a 40 
mm thick insulation. The test results clearly showed that thermal response of compacted 
bentonites when subjected to temperature gradients under non-isothermal conditions 
depends upon the characteristics of the insulation used.  
 
Figure 4.3 Transient temperature variations at specified depths of the specimens due to 
thermal loading at 85 °C 
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Figure 4.4 Transient temperature variations at specified depths of the specimens due to 
thermal loading at 85 °C (First 10 days of testing) 
 
Table 4.1 presents the measured equilibrium temperatures at various 
predetermined depths for the tests. Figure 4.4 shows the equilibrium temperature against 
distance of the temperature probes from the heat source (i.e., the temperature profiles). 
For comparison, the test results reported by Tripathy et al. (2015) on MX80 bentonite 
for similar test conditions are also shown in Fig. 4.5. The maximum temperature 
generated with compacted bentonite specimen was about 68 °C.  
Table 4.1 Influence of outer insulation on equilibrium temperature at various depths for 
compacted MX80 bentonite (diameter = 100 mm, height = 80 mm) 
Distance of temperature probe from heat source 
(mm) 
Equilibrium temperature (°C) with  
20 mm 
insulation 
40 mm 
insulation 
0* 85 85 
20 59 68 
40 46 51 
60 41 41 
80* 25 25 
* Temperatures maintained at both ends 
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Figure 4.5 Temperature profiles (at the time of termination of the tests) of the specimens due 
to thermal loading at 85 °C 
 
It can be seen from Table 4.1 and Fig. 4.4 that, the temperatures at distances of 
20 to 60 mm from the heat sources were greater for the test with a 40 mm thick insulation 
as compared to that of a 20 mm thick insulation. The impact of insulation was mainly at 
distances between 20 and 60 mm from the heat source. The test results in this study 
generally agree well with the test results reported by Tripathy et al. (2015). A variation 
in the equilibrium temperature was found to be nearly linear for the case with a 40 mm 
thick insulation (Fig. 4.5). 
The temperature gradient (or thermal gradient) is defined as the ratio of the 
difference between the temperatures at two points and the corresponding distance 
between the points. In this study, the distances of various predetermined depths of the 
specimens from the heat source were considered for calculating the temperature 
gradients. Figure 4.6 shows the temperature gradient versus distance of predetermined 
depth of the specimens from the heat source. For the sake of comparison, the calculated 
results based on the test data reported by Tripathy et al. (2015) are also shown in Fig. 
4.6.  
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Figure 4.6 Temperature gradient variations at predetermined depths of the specimens due to 
thermal loading at 85 °C 
 
It can be seen in Fig. 4.6 that, the temperature gradients remained between – 1.3 
and - 0.71 °C/mm (i.e., between -13.0 and -7.1 °C/cm) for all cases. The influence of a 
40 mm thick insulation reduced the thermal conductance through the specimen cell, 
particularly at distances between 20 and 60 mm from the heat source. The temperature 
gradients in the specimen in this case remained within a narrow range (- 0.85 to - 0.73 
°C/mm). The results based on (Tripathy et al., 2015)’s data were found to be similar to 
that for the test results with a 20 mm thick insulation in this study. 
 
4.3.2 Relative humidity variations for an applied temperature of 85 °C 
 
Figures 4.7 and 4.8 present the measured relative humidity with elapsed time at 
predetermined depths of the specimens subjected to non-isothermal tests at 85 °C (i.e., 
Test nos. 1 and 2). When a 20 mm thick insulation (Test no. 1) used, the relative humidity 
at all predetermined depths equilibrated in about 95 days, whereas an equilibrium in 
terms of the relative humidity was attained within about 142 days for the test with a 40 
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mm thick insulation (Test no. 2). The test results clearly showed that the thermo-
hydraulic response of compacted bentonites when subjected to temperature gradients 
under non-isothermal conditions depends upon the characteristics of the insulation used. 
A longer time was required for the equilibration of the relative humidity and with a 
thicker insulation layer. Additionally, the thermal equilibrium generally occurred sooner 
(see Fig. 4.3) than the vapour pressure (i.e., the relative humidity) equilibrium. 
 
Figure 4.7 Transient relative humidity variations at specified depths of the specimens due to 
thermal loading at 85 °C 
   
Figure 4.8 Transient relative humidity variations at specified depths of the specimens due to 
thermal loading at 85 °C (First 10 days of testing)  
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Table 4.2 presents the measured equilibrium relative humidities at various 
predetermined depths for test nos. 1 and 2. Figure 4.9 shows the equilibrium relative 
humidity against distance of the relative humidity probes from the heat source (i.e., the 
relative humidity profiles). For comparison, the test results reported by Tripathy et al. 
(2015) on MX80 bentonite for similar test conditions are also shown in Fig. It is 
important to mention that Tripathy et al (2015) reported lower intial water content in 
their bentonite specimen (9.6 %). In all cases, the maximum relative humidity measured 
was less than about 67%.  
Table 4.2 Influence of outer insulation on equilibrium relative humidity at various depths for 
compacted MX80 bentonite (diameter = 100 mm, height = 80 mm) 
Distance of relative humidity probe 
from heat source (mm) 
Equilibrium relative humidity (%) with  
20 mm insulation 40 mm 
insulation 
20 35 17 
40 57 37 
60 67 58 
                      
                   
Figure 4.9 Relative humidity profiles (at the time of termination of the tests) of the specimens 
due to thermal loading at 85 °C  
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It can be seen from Table 4.2 and Fig. 4.9 that, the relative humidity increased 
with an increase in the distance from the heat source indicating that a transfer of water 
vapour took place due to the application of the thermal gradient. The relative humidity 
at all distances were greater for the test with a 20 mm thick insulation as compared to 
that of the test with a 40 mm thick insulation. A higher thermal gradient (see Fig. 4.6) 
should have caused more amount of water vapour transfer towards the top end of the 
specimen which in turn would tend to produce a higher relative humidity; however, this 
was not the case as noted from the equilibrium relative humidity data. On the other hand, 
the vapour pressure is known to be affected by the temperature. At any given amount of 
water vapour, an increase in the temperature causes a decrease in the relative humidity. 
Therefore, although the temperatures at distances between 20 and 60 mm for the case of 
40 mm insulation were higher; however, the thermodynamic effects of a reduction in the 
relative humidity due to an increase in the temperature was manifested on the relative 
humidity data.  
Differences between the test results in this study and that reported by Tripathy et 
al. (2015) can be noted in Fig. 4.9. However, the trend of the results in this study 
remained similar to that of Tripathy et al. (2015). A variation in the equilibrium relative 
humidity was found to be nearly linear for the case with a 40 mm thick insulation. The 
test results are consistent with the equilibrium temperatures at various depths (Fig. 4.5 
and Table 4.2) in that, at any depth, the higher the temperature, lesser was the relative 
humidity. 
Figure 4.10 shows the temperature gradient versus relative humidity plot for Test 
nos. 1 and 2. The calculated results based on the experimental data reported by Tripathy 
et al. (2015) are also shown in Fig. 4.10 for comparison. Figure 4.10 shows that, the 
differences in the relative humidity for the test with a 20 mm thick insulation and that  
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reported by Tripathy et al. (2015) remained throughout the depth of specimens except at 
a distance of 60 mm from the heat source (see also Fig. 4.9). A significant variation of 
the relative humidity occurred for a small variation in the temperature gradient for the 
specimen that was tested with a 40 mm thick insulation. This suggests that, water vapour 
transfer at a near constant temperature gradient and with higher temperatures in 
compacted bentonites may yield a lesser relative humidity as the distance from the heat 
source increased. This is primarily associated with the impact of higher temperature on 
the relative humidity which decreases at a constant amount of water vapour in the pore 
spaces of compacted bentonites. 
 
Figure 4.10 Temperature gradient versus relative humidity plot for thermal loading at 85 °C 
 
4.3.3  Temperature variations at an applied temperature of 150 °C 
 
Figures 4.11 and 4.12 present the measured temperatures with elapsed time at 
predetermined depths of the specimens for the two non-isothermal tests at 150 °C (i.e., 
Test nos. 3 and 4). The insulation type in these tests did not influence the thermal 
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the temperature at all predetermined depths equilibrated within about ten days and 
thereafter remained nearly unchanged. For the sake of clarity, the initial temperature 
data are not shown in Fig. 4.11.  
 
Figure 4.11 Transient temperature variations at specified depths of the specimens due to 
thermal loading at 150 °C 
 
 
Figure 4.12 Transient temperature variations at specified depths of the specimens due to 
thermal loading at 150 °C (First 10 days of testing) 
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Table 4.3 presents the measured equilibrium temperatures at various 
predetermined depths for the tests. Figure 4.13 shows the equilibrium temperature 
against distance of the temperature probes from the heat source. For comparison, the 
results obtained from the tests with 80 mm high specimens (i.e., Test nos. 1 and 2) are 
also shown in Fig. 4.13.  
Table 4.3 Influence of outer insulation on equilibrium temperature at various depths for 
compacted MX80 bentonite (diameter = 100 mm, height = 300 mm) 
Distance of temperature probe from 
heat source (mm) 
Equilibrium temperature (°C) with  
20 mm insulation 40 mm insulation 
0* 150 150 
60 67 88 
120 52 70 
180 43 58 
240 35 47 
300* 25 25 
* Temperatures maintained at both ends 
 
Figure 4.13 Temperature profiles (at the time of termination of the tests) of the specimens due 
to thermal loading at 150 °C 
 
It can be seen from Table 4.3 and Fig. 4.13 that, the temperatures at all salient 
distances from the heat source were greater for the test with a 40 mm thick insulation 
(Test no. 4) as compared to that of a 20 mm thick insulation (Test no. 3). Similar results  
0
60
120
180
240
300
0 50 100 150 200
D
is
ta
n
c
e
 f
ro
m
 h
e
a
t 
s
o
u
rc
e
 (
m
m
)
Temperature (°C)
20 mm thick insulation,
Specimen height = 300 mm
40 mm thick insulation,
Specimen height = 300 mm
20 mm thick insulation,
Specimen height = 80 mm
40 mm thick insulation,
Specimen height = 80 mm
  Chapter 4 
89 
 
were also noted for specimens in tests 1 and 2 (Fig. 4.5 and Table 4.2). Up to a distance 
of 60 mm from the heat source, the temperatures of the specimens in tests 3 and 4 were 
greater than that of specimens in tests 1 and 2. A variation in the equilibrium temperature 
was found to be non-linear for the specimens in tests 3 and 4 (Fig. 4.13). 
The distances of various salient depths of the specimens from the heat source 
were considered for calculating the temperature gradients. Figure 4.11 shows the 
temperature gradients in the specimens at various distances from the heat source. For 
the sake of comparison, the results obtained for the specimens in test nos. 1 and 2 are 
also shown in Fig. 4.14. 
 
Figure 4.14 Temperature gradient at predetermined depths of the specimens due to thermal 
loading at 150 °C 
 
It can be seen Fig. 4.14 that, the temperature gradients for the specimens in test 
nos. 3 and 4 remained between – 1.4 and - 0.4 °C/mm (i.e., between -14.0 and – 4.0 
°C/cm) for all cases. The influence of a 40 mm thick insulation reduced the thermal 
conductance at all predetermined distances. Comparing the thermal gradients in test  
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nos 1 and 2 with test nos. 3 and 4, it can be seen that an application of a temperature of 
150 °C introduced higher (near the heat source) and lesser (at large distances) thermal 
gradients in the specimens.  
 
4.3.4 Relative humidity variations at applied temperature of 150 °C 
 
Figures 4.15 and 4.16 present the measured relative humidities with elapsed time 
at predetermined depths of the specimens for the two non-isothermal tests at 150 °C (i.e., 
Test nos. 3 and 4). The relative humidity at all predetermined distances from the heat 
source and for both insulation type did not tend to show any equilibrium. The relative 
humidity increased and further decreased at distances of 60, 120 and 180 mm from the 
heat source, whereas it increased at a distance of 240 mm from the heat source.  
 
Figure 4.15 Transient relative humidity variations at specified depths of the specimens due to 
thermal loading at 150 °C 
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Figure 4.16 Transient relative humidity variations at specified depths of the specimens due to 
thermal loading at 150 °C (First 10 days of testing) 
 
Table 4.4 presents the measured relative humidities at various predetermined 
depths at the time of termination of the tests. Figure 4.17 shows the relative humidity 
against distance of the relative humidity probes from the heat source. For comparison, 
the test results for specimens in test nos. 1 and 2 are also shown in Fig. 4.17. In all cases, 
the maximum relative humidity measured in the specimens was less than about 87%.  
Table 4.4 Influence of outer insulation on the relative humidity at various depths for 
compacted MX80 bentonite (diameter = 100 mm, height = 300 mm) 
Distance of relative humidity probe 
from heat source (mm) 
Relative humidity (%) with  
20 mm insulation 40 mm insulation 
60 45 17 
120 71 42 
180 81 66 
240 87 71 
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Figure 4.17 Relative humidity profiles (at the time of termination of the tests) of the specimens 
due to thermal loading at 150 °C 
 
It can be seen from Table 4.4 and Fig. 4.17 that, the relative humidity increased 
with an increase in the distance from the heat source indicating that a transfer of water 
vapour took place due to the application of the thermal gradient. The relative humidity 
at all distances were greater for the test with a 20 mm thick insulation as compared to 
that of the test with a 40 mm thick insulation. A higher thermal gradient (see Fig. 4.14) 
should have caused a greater amount of water vapour transfer towards the top end of the 
specimen which in turn would tend to produce a higher relative humidity; however, this 
was not the case as noted from the equilibrium relative humidity data. A reduction in the 
relative humidity for the specimens tested with a 40 mm thick insulation is attributed 
due to the thermodynamic effects of a reduction in the relative humidity due to an 
increase in the temperature. The relative humidity profiles were found to be non-linear 
for the non-isothermal tests at applied temperature of 150 °C.  
Figure 4.18 shows the temperature gradient versus relative humidity plot for Test 
nos. 3 and 4. The results obtained for Test nos. 1 and 2 are also shown in Fig. 4.8 for 
comparison. Figure 4.18 shows that higher thermal gradients caused a decrease in the  
0
60
120
180
240
300
0 20 40 60 80 100
D
is
ta
n
c
e
 f
ro
m
 h
e
a
t 
s
o
u
rc
e
 (
m
m
)
Relative humidity (%)
20 mm thick insulation,
Specimen height = 300 mm
40 mm thick insulation,
Specimen height = 300 mm
20 mm thick insulation,
Specimen height = 80 mm
40 mm thick insulation,
Specimen height = 80 mm
  Chapter 4 
93 
 
relative humidity at distances near the heat source and an increase in the relative 
humidity at distances away from the heat source. A reduction in the relative humidity at 
constant thermal gradient for specimens tested with 40 mm thick insulations is attributed 
due to the impact of higher temperature on the relative humidity which decreases at a 
constant amount of water vapour in the pore spaces of compacted bentonites. 
 
Figure 4.18 Temperature gradient versus relative humidity plot due to thermal loading at        
150 °C 
 
4.3.5 Axial pressure development in non-isothermal conditions 
 
Figure 4.19 shows the elapsed time versus the measured axial pressures at the 
opposite end of the heat source for the compacted bentonite specimens in non-isothermal 
Test nos. 1 (with 20 mm thick insulation) and 2 (with 40 mm thick insulation). The 
applied temperature in this case was 85 °C. Due to a technical fault with the load cell, 
the axial pressure development during Test no. 3 at 150 °C and with 20 mm thick 
insulation couldn’t be recorded. Figure 4.20 depicts the axial pressure generated during 
the non-isothermal test at 150 °C (Test no. 4 with 40 mm thick insulation). 
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Figure 4.19 Elapsed time versus axial stress plot for thermal tests on compacted bentonite 
specimens at 85°C 
 
It can be seen Figs. 4.19 and 4.20 that, the axial pressures for the compacted 
bentonite specimens firstly increased and then decreased with elapsed time before 
attaining an equilibrium at which, no further significant changes in the axial pressures 
was noted. The maximum measured axial pressures for the specimens in Test nos. 1, 2 
and 4 were 640, 1345 and 2400 kPa, respectively. The differences in the maximum axial 
pressures for the specimens are attributed due to the applied temperature during the tests 
and the insulation type used. 
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Figure 4.20 Elapsed time versus axial stress plot for thermal tests on compacted bentonite 
specimens at 150°C 
 
Between the results of Test nos. 1 and 2 (Fig. 4.19), the specimen tested with a 40 
mm thick insulation exhibited a greater maximum axial pressure. Similarly, between the 
results of Test nos. 2 and 4 (Figs. 4.19 and 4.20), the higher the applied temperature, 
greater was the maximum axial pressure exhibited by the specimen.  
The test results presented in Figs. 4.19 and 4.20 show that, the maximum axial 
pressures were recorded at different elapsed times for the specimens, such as 30 days 
for Test no. 1 (20 mm thick insulation and with an applied temperature 85 °C), 13 days 
for Test no. 2 (40 mm thick insulation and with an applied temperature of 85 °C) and 27 
days for Test no. 4 (40 mm thick insulation and with an applied temperature of 150 °C). 
Similarly, the equilibrium axial pressures were recorded at different elapsed times for 
the specimens, such as after about 100 days for Test no. 1, about 120 days for Test no. 
2 and about 185 days for Test no. 4. The relative equilibrium was attained in similar 
elapsed times for the specimens in Tests 1 and 2 (section 4.3.2). However, as shown in 
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section 4.3.4, the relative humidity did not equilibrate when the Test no. 4 was 
terminated. 
At equilibrium, the axial pressures recorded were found to be significantly smaller 
than the maximum axial pressures (Figs. 4.19 and 4.20). The equilibrium axial pressures 
were 120, 115 and 145 kPa for the specimens in Test nos. 1, 2 and 4 respectively.  
Tripathy et al. (2015) stated that, an increase and further decrease in the axial 
pressure exhibited by compacted bentonite specimens due to an application of a thermal 
gradient is attributed due to the combined influence of several factors, such as (1) water 
vapour movement from the hotter to the cooler end of the specimen, (2) volumetric 
shrinkage of the specimen towards the heater end due to an increase in the temperature 
and movement of moisture from the hotter to the cooler end, (3) compression of the 
specimen towards the heater end due to the development of the axial pressure, (4) 
expansion of the specimens due to an increase in the temperature for the layers having 
high suctions, (5) contraction of layers due to an increase in the temperature for the 
layers with low suctions, (6) expansion of the testing device upon an increase in the 
temperature, and (7) migration and redistribution of moisture to farther distances in order 
to equalize the suction (usually from top to bottom). 
From the test results of profiles of the temperature and the relative humidity (Figs. 
4.13 and 4.17), it becomes clear that an increase in the temperature, either due to the use 
of a thicker insulation or due to an application of a higher temperature, causes a decrease 
in the relative humidity within the compacted bentonite specimens. From the 
consideration of the relative humidity increase in compacted bentonites during the 
hydration process and its impact on swelling thrust development, it was anticipated that 
specimens with a higher relative humidity would tend exhibit a greater axial pressure.  
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However, a reverse trend was noted in the test results; the specimens with a lower 
relative humidity exhibited greater maximum axial pressure (Test no. 1 versus Test no. 
2 or Test no. 2 versus Test no. 4 in Figs. 4.19 and 4.20). Therefore, the hydration 
mechanism cannot be held solely responsible for axial pressure development in 
compacted bentonites under non-isothermal conditions. Other issues, such as thermal 
expansion of bentonite, gas pressure generation and thermal expansion of the specimen 
cell may contribute to the axial pressure development for such boundary condition. The 
test results also indicate that, the equilibrium axial pressure in compacted bentonites 
when subjected to thermal loading was not influenced by the applied thermal gradient. 
All three specimens exhibited near similar axial pressures at equilibrium. 
 
4.3.6 Profile of water content, dry density, degree of saturation and 
suction 
 
Figures 4.21 (a), (b), (c) and (d) show the water content, dry density, degree of 
saturation, and suction profiles of the specimens tested, respectively. The data presented 
in Figs. 4.21 (a), (b) and (c) are based on analyses of the samples of bentonite slices (20 
mm thick) after termination of each tests. Therefore, the results are plotted 
corresponding to the mid-level of each slice. The suction data presented in Fig. 4.21 (d) 
are based on the relative humidity and temperature data at the end of each test. The 
suctions were calculated based on the thermodynamic relationship between the relative 
humidity and suction (Fredlund et al., 2012). 
 The results presented in Fig. 4.21 indicate two distinct aspects, such as (i) towards 
the opposite end of the heat source, the bentonite specimens underwent a wetting process 
as indicated by an increase in the water content, a decrease in the dry density, an increase  
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in degree of saturation and a decrease in suction and (ii) towards the heat source, the 
specimens underwent a shrinkage process as indicated by a decrease in the water content, 
an increase in the dry density, a decrease in the degree of saturation and an increase in 
suction.  
The distance at which the transition (i.e., less or more than initial values) occurred 
was found to increase from the heat source due to either the use of a thicker insulation 
or due to an application of higher temperature during the test. For the same size of 
specimens, a larger part of the specimen underwent the shrinkage process and only a 
small part of the specimen underwent the wetting process when a 40 mm thick insulation 
was used. Similarly, due to an application of a higher temperature, a larger part of the 
specimen underwent a shrinkage process and a smaller part underwent a wetting process.  
Recalling that the use a thicker insulation and an application of higher temperature 
produced higher temperature and lower relative humidity within the specimens (Figs. 
4.13 and 4.17). The test results presented in Fig. 4.21 in terms of the water content, dry 
density and degree of saturation, complement well the results presented in Figs. 4.13 and 
4.17 in terms of the temperature and relative humidity. 
Table 4.5 Mass of water contained in the samples subjected to thermal tests. 
  20 mm 
insulation 
40 mm 
insulation 
Initial mass of water for 80 mm sample 181.5 g   
Initial mass of water for 300 mm sample 680 g   
Mass of water for 80 mm sample (Post-test)  108 g 65 g 
Mass of water for 300 mm sample (Post-test)  634 g 346 g 
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Figure 4.21 Profiles of (a) Water content, (b) Dry density, (c) Degree of saturation and (d) 
suction at the end of thermal tests at 85 and 150°C 
 
 
Figure 4.22 Water mass profiles, (a) Thermal tests at 85°C (b) Thermal tests at 150 °C 
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Table 4.5 and figure 4.22 demonstrate the mass of water in the bentonite samples 
prior and subsequent the testing processes. As it is observed the water mass of the 
samples after the testing is significantly lower that the initial weight of the water. Also, 
there are significant differences between the samples tested with 20mm and 40 mm 
insulations. For the tests at 85 °C the sample with 20mm insulation showed a 40% loss 
of its water mass whereas the sample tested with 40mm insulation showed a 64% loss. 
On the other hand, the tests at 150 °C showed a 7% and 49% loss for the 20mm and 
40mm insulation respectively. The increased insulation leads to higher temperatures 
along the sample thus more water vapour is generated. Potential leakages in the cell lead 
to the loss on water mass from the sample. Also, the complexity of the process to derive 
the water mass and water content post mortem measurements allows the dissected 
specimens to partially dry during the testing procedure. From figure 4.22 (b) and table 
4.5 it is also possible to observe that the size of the specimen affects its loss of water 
mass. For both insulations thicknesses the 300mm tall samples lost less water than the 
80mm tall specimens. Finally, it must be noted that the water mass measurements took 
place after the completion of the tests. Observing that the tests with 40mm insulation 
took longer than the tests with 20mm insulation it is safe to assume that the water mass 
loses are also depended with time as the samples are exposed to potential leakages for a 
longer period 
If the axial thrust is considered to be on account of the wetting of the specimens 
at the opposite end of the heat source, the results presented in Figs. 4.13, 4.17 and 4.21 
do not support the axial pressure results presented in Figs. 4.19 and 4.20. On the other 
hand, the table 4.5 and figure 4.22 present that the total mass of water in the bentonite 
samples decreases during the testing period thus even though the redistribution is 
achieved towards the colder areas the total loss of mass could affect the overall response  
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of the sample’s axial pressure development There are several aspects which need further 
considerations to explore such anomalies between the axial pressure, temperature, and 
relative humidity: (i) a leakage of water vapour from the specimen during a test, (ii) gas 
pressure generation and dissipation due to thermal loading, and (iii) rigidity of the 
restraint under the conditions of axial pressure development at very high temperature. A 
study of all these aspects are beyond the scope of the current investigation. 
 
4.4 Summary 
 
In this chapter, the influence of the thermal gradient on the thermo-hydro-
mechanical response of compacted bentonite specimens is presented. At the opposite 
end of the bentonite specimens two different temperature boundary conditions were 
considered, such as (i) 85 °C and 25 °C for specimens with dia. = 100 mm and 
height = 80 mm and (ii) 150 °C and 25 °C for the specimens with dia. = 100 mm and 
height = 300 mm.  
The test results obtained are the transient temperature and relative humidity at 
predetermined depths of the specimens, axial pressure at the opposite side of the heat 
source. The test results of water content, dry density, and degree of saturation along the 
depth of the bentonite specimens were determined after the termination of the tests.  
Under similar conditions, the water content, relative humidity and degree of 
saturation decreased, whereas the dry density increased at distances closer to heat source 
indicating that the specimens underwent a shrinkage process. These findings are in 
agreement with the results reported in literature (Singh, 2007; Villar et al., 2008; Gens 
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 et al., 2009; Gómez-Espina and Villar, 2010; Bag, 2011; Gómez-Espina and Villar, 
2015; Tripathy et al., 2015). 
 The axial pressure increased and further decreased during the tests before 
attaining an equilibrium. The equilibrium axial pressures were found to be far smaller 
than the maximum axial pressures exhibited by the specimens. The development of 
maximum axial pressures in the specimens, and similar axial pressures at the 
equilibrium, were found to be not directly linked with the water content redistribution 
within the compacted bentonite specimens. The water mass balance graphs showed a 
loss in the water mass of each specimen after testing.  
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EFFECT OF TEMPERATURE AND HYDRAULIC 
GRADIENTS ON THERMO-HYDRO-
MECHANICAL BEHAVIOUR OF COMPACTED 
BENTONITE 
 
 
 
 
 
 
5.1 Introduction 
 
 
 Several laboratory tests have been carried out in the past that focused in 
investigating the behaviour of compacted bentonites and bentonite-sand mixtures when 
subjected to thermal, hydraulic, and thermo-hydraulic gradients (Martın et al., 2000; 
Börgesson et al., 2001; Cuevas et al., 2002; Pintado et al., 2002; Singh, 2007; Villar and 
Lloret, 2007; Samper et al., 2008; Villar et al., 2008; Villar and Gómez-Espina, 2008; 
Åkesson et al., 2009; Pusch et al., 2010; Bag, 2011; Tripathy et al., 2015). A detailed review 
of these studies suggested that a majority of the laboratory tests were conducted by 
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considering an applied temperature of less than 100 °C. The reported laboratory tests 
have been conducted at various water injection pressures. The water injection pressure 
was varied between 0 to 1.5 MPa. In some of the investigations, variations of the 
temperature and relative humidity were monitored with elapsed time along the depths of 
the compacted bentonite specimens. A variation of the axial stress during the tests was 
monitored in some cases (Tripathy et al., 2015). In some of the investigations, changes 
in the dry density, the water content, the degree of saturation and the concentration of 
anions and cations were measured after the termination of the tests. These information 
are crucial in order to understand the thermo-hydraulic-mechanical-chemical response 
of the engineered barriers both under short and long-term in situ conditions involving 
anticipated temperature, water pressure and fluid type. 
Studies concerning the thermo-hydraulic response of compacted bentonites at 
temperatures exceeding 100 °C is of significant interest, particularly for understanding 
the early-life phase of deep geological disposal facilities. Very high temperatures of 
spent fuel, radioactive decay of wastes, and formation of high thermal zones at and near 
the interface of waste canisters and compacted bentonite buffer are some of the in-situ 
conditions which demand detailed investigations concerning the thermo-hydraulic 
behaviour of compacted bentonites at very high temperatures. Birgersson and Karnland 
(2014) stated that bentonite barriers may be subjected to both water and gas pressures 
gradients that are not fully separable. 
The main objective of this chapter is to bring out the influence of thermo-
hydraulic gradients involving applied temperatures of 85 and 150 °C and at a 
predetermined water injection pressure of 600 kPa on the behaviour of compacted 
bentonites. Section 5.2 presents the experimental program undertaken for the study. 
Section 5.3 presents the temperature and relative humidity variations measured at 
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predetermined levels along the depth of bentonite specimens and axial pressure 
generated at the opposite end of the heat source during the thermo-hydraulic tests. The 
profiles of water content, dry density, degree of saturation and suction after termination 
of the thermal tests are also presented in section 5.3. Section 5.4 summarises the 
important findings that emerged from the investigation.  
 
5.2 Experimental program  
 
 
The devices used for carrying out the non-isothermal hydraulic tests at temperatures 
of 85 and 150 °C are presented in chapter 3 (Figs. 3.3 and are 3.5). The compaction mould 
used for preparing the statically compacted bentonite specimens and experimental methods 
are described in chapter 3 (section 3.5). Tables 3.1 and 3.2 present the experimental program 
followed for the thermo-hydraulic tests.  
The dry density of the compacted bentonite specimens used in the study was 1.65 
Mg/m3. In total, five numbers of thermo-hydraulic tests (Test nos. 5, 6, 7, 8, and 9) were 
conducted.  Test nos. 5 and 6 were carried out by applying temperatures of 25 (at top) and 
85 °C (at bottom) at the opposite ends of the bentonite specimens. In this case, distilled and 
de-aired water was supplied from the top end of the specimen at a pressure of 600 kPa. Test 
no. 7 was carried out by applying temperatures of 25 °C at top and 150 °C at bottom end of 
the bentonite specimen. In this case, distilled and de-aired water was supplied from the top 
end of the specimens at a pressure of 5 kPa. Test nos. 8 and 9 were similar to that of Test 
no. 7, but the water injection pressure from the top of the specimens was 600 kPa. The 600 
kPa pressure was chosen as is representative to the water pressure that can be found in in 
the depths that the nuclear waste disposal galleries are meant to be constructed. The 5 kPa 
of water injection used for test 7 was the result of a mechanical fault during the first days of 
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testing. The mass and the dimensions of the compacted specimens were measured after 
compaction which allowed calculating the dry density of the specimens. 
Figure 5.1 shows the tests conditions considered and the information gathered Test 
nos. 5 and 6. For both tests, the thermal insulation used comprised of a 40 mm thick 
rockwool layer covered with a layer of reflective tape. The height and the diameter of the 
specimens were 80 and 100 mm, respectively. The duration of tests was 285 days (Table 
3.1). The temperature and relative humidity along the depth of the specimen were measured 
with the relative humidity and temperature probes described in chapter 3 (section 3.5). The 
relative humidity and temperature probes were located at distances of 20, 40 and 60 mm 
from the heat source. The axial pressure developed at the opposite end of the heat source 
was measured with the aid of a load cell during the tests. The tests were terminated when 
the values of temperature and relative humidity at salient depths of the specimens and the 
axial pressure at the opposite end of the heat source equilibrated. 
 
 
 
 
 
Figure 5.1 Schematic representation of temperature, relative humidity and axial stress 
measured in compacted bentonite specimens during thermo-hydraulic tests at 85℃. 
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Figure 5.2 presents the test conditions considered and the information gathered during 
Test nos. 8 and 9. The test conditions for Test no. 7 was similar to that shown in Fig. 5.2, 
except that the water injection pressure was 5 kPa. The height and the diameter of the 
specimens were 300 and 100 mm, respectively. The durations of Test nos. 7, 8 and 9 were 
90, 300 and 180 days, respectively (Table 3.2). The temperature and relative humidity along  
the depth of the specimen were measured with the relative humidity and temperature probes 
described in chapter 3 (section 3.5). The relative humidity and temperature probes were 
located at distances of 40, 60, 120, 180 and 240 mm from the heat source. The axial pressures 
developed at the opposite end of the heat source during the tests were measured with the aid 
of a load cell. The tests terminated when the values of temperature and relative humidity at 
salient depths of the specimens and the axial pressure at the opposite end of the heat source 
equilibrated.  
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Figure 5.2 Schematic representation of temperature, relative humidity and axial stress 
measured in compacted bentonite specimens during thermo-hydraulic tests at 150 ℃ 
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The water content, dry density and degree of saturation of the bentonite specimens at 
the predetermined depths were determined after termination of the tests. The procedures 
adopted for determining these properties are presented in Chapter 3. The test results 
concerning the anion and cations concentrations at predetermined depths of the specimens 
are presented in Chapter 6. 
 
5.3 Test results and discussion  
 
The following sections present the influence of the applied temperature and 
hydraulic gradients adopted during the tests on the thermal, hydraulic and mechanical 
response of the compacted bentonite specimens  
  
5.3.1 Temperature variations at an applied temperature of 85 °C 
 
Figure 5.3 presents the measured temperatures with elapsed time at 
predetermined depths of the specimens for the two non-isothermal tests at 85 °C (i.e., 
Test nos. 5 and 6). The temperature at all predetermined depths equilibrated in about 
150 days for both tests. 
 Table 5.1 presents the measured equilibrium temperatures at various 
predetermined depths of the specimens in Tests 5 and 6. Figure 5.4 shows the 
equilibrium temperature against distance of the temperature probes from the heat source 
(i.e., the temperature profiles). 
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It can be seen from Figs. 5.3 and 5.5 and Table 5.1 that, the maximum 
temperature generated within the compacted bentonite specimens was similar (about 75 
°C) at a distance of 20 mm from heat source. The maximum temperature generated was 
found to be greater than that was noted for the thermal tests under similar condition of 
applied temperature (see Table 4.2 for 40 mm thick insulation).  
The equilibrium temperatures at distances of 40 and 60 mm from the heat source 
for both specimens are found to be slightly greater than the equilibrium temperature 
noted for the specimen that was tested with by applying only the thermal gradient (data 
in Table 4.2 with 40 mm thick insulation).  
 
Figure 5.3 Transient temperature variations at specified depths of the specimens due to 
thermo-hydraulic loading at 85 °C  
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Figure 5.4 Transient temperature variations at specified depths of the specimens due to 
thermo-hydraulic loading at 85 °C (First 10 days of testing) 
 
The test results indicated that, the temperature at various salient depths of the 
compacted bentonite specimens when subjected to thermo-hydraulic gradient were 
generally greater than that for the specimen with an applied thermal gradient. 
Table 5.1 Influence of thermal and hydraulic gradient on equilibrium temperature at various 
depths for compacted MX80 bentonite (diameter = 100 mm, height = 80 mm) 
Distance of temperature probe from heat source (mm) Equilibrium temperature (°C)  
Test no. 5 Test no. 6 
0* 85 85 
20 75 77 
40 49 52 
60 42 46 
80* 25 25 
* Temperatures maintained at both ends 
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Figure 5.5 Temperature profiles (at the time of termination of the tests) of the specimens due 
to thermo-hydraulic loading at 85 °C 
 
Figure 5.6 Temperature gradient variations at predetermined depths of the specimens due to 
thermo-hydraulic loading at 85 °C 
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gradient is similar in case of thermo-hydraulic tests as compared to the thermal test (-
13.0 to -7.1 °C/cm). Additionally, the temperature gradient at a distance of 20 mm from 
the heat source is smaller for thermo-hydraulic tests as compared to the thermal tests. 
This is attributed due to a higher temperature generated at a distance of 20 mm from the 
heat source for the thermo-hydraulic tests. 
The thermal conductivity of soils increases with an increase in the water content.  
Tang et al. (2008) stated that, the thermal conductivity of compacted bentonite increases 
with an increase in the water content. The test results in this study indicate that the 
difference in the equilibrium temperature at various depths due to an applied thermal 
and thermo-hydraulic gradient are not significantly different. However, the changes are 
distinct due to an applied thermo-hydraulic gradient which is primarily attributed due to 
a change in the water content of compacted bentonites. 
 
5.3.2 Relative humidity variations for an applied temperature of 85 °C 
 
Figures 5.7 and 5.8 present the measured relative humidity with elapsed time at 
predetermined depths of the specimens for the two thermo-hydraulic test at 85 °C (i.e., 
Test nos. 5 and 6). The injection of water with a constant pressure of 600 kPa lead to the 
increase in the relative humidity along the full length of the specimens.  
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Figure 5.7 Transient relative humidity variations at specified depths of the specimens due to 
thermo-hydraulic loading at 85 °C 
 
 
Figure 5.8 Transient relative humidity variations at specified depths of the specimens due to 
thermo-hydraulic loading at 85 °C (First ten days of testing) 
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 seven days. This is attributed due to the supply of water from the top of the 
specimens. The relative humidity at a distance of 20 mm from heat source increased and 
attained 100 %.  A difference in the transient relative humidity at a distance of 20 mm 
from the heat source between the specimens in Tests 5 and 6 is attributed due to a 
difference in the temperature response (see Fig. 5.3).  
The results in terms of the relative humidity from non-isothermal tests (Table 4.2 
and Fig. 4.9) clearly showed that, an increase in the relative humidity at the opposite end 
of the heat source is solely due to water vapour movement from hot to cold end. In case 
of an applied thermo-hydraulic gradient, a combined action of the water vapour 
movement due to thermal gradient and an increase in the water content due to supplied 
water can significantly increase the relative humidity at the cold end. An increase in the 
relative humidity in compacted bentonite causes a decrease in suction resulting in 
swelling of compacted bentonites. Under restrained condition (i.e., constant volume 
condition), redistribution of water content accompanied by the development of axial 
stress may be expected to occur. The results of the axial stress development from 
thermos-hydraulic tests are presented in section 5.3.5, whereas the water content data 
are presented in section 5.3.6.  
    
5.3.3  Temperature variations at an applied temperature of 150 °C 
 
Figures 5.9 and 5.10 present the measured temperatures with elapsed time at 
predetermined depths of the specimens for the three thermo-hydraulic tests at 150 °C 
(i.e., Test nos. 7, 8 and 9). The insulation used for all three tests was 40 mm thick 
rockwool covered with reflective tape. The temperature at all predetermined depths  
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equilibrated within about 25 days and thereafter remained nearly unchanged. For the 
sake of clarity, the initial temperature data are not shown in Fig. 5.9. 
 
Figure 5.9 Transient temperature variations at specified depths of the specimens due to 
thermo-hydraulic loading at 150 °C 
 
 
Figure 5.10 Transient temperature variations at specified depths of the specimens due to 
thermo-hydraulic loading at 150 °C (First 10 days of testing) 
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Table 5.2 presents the measured equilibrium temperatures at various 
predetermined depths for the tests. Figure 5.8 shows the equilibrium temperature against 
distance of the temperature probes from the heat source. For comparison, the results 
obtained from the tests with 80 mm high specimens (i.e., Test nos. 5 and 6) are also 
shown in Fig. 5.11. 
Table 5.2 Influence of thermal and hydraulic gradient on equilibrium temperature at various 
depths for compacted MX80 bentonite (diameter = 100 mm, height = 300 mm) 
Distance of temperature probe from 
heat source (mm) 
Equilibrium temperature (°C)  
Test 7 Test 8 Test 9 
0* 150 150 150 
40 112 116 114 
60 89 94 92 
120 70 72 70 
180 56 59 57 
240 45 45 43 
300* 25 25 25 
* Temperatures maintained at both ends 
 
 
Figure 5.11 Temperature profiles (at the time of termination of the tests) of the specimens due 
to thermo-hydraulic loading at 150 °C 
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 temperature gradients in the specimens at various distances from the heat source. For 
the sake of comparison, the results obtained for the specimens in test nos. 5 and 6 are 
also shown in Fig. 5.12.  
 
Figure 5.12 Temperature gradient variations at predetermined depths of the specimen due to 
thermo-hydraulic loading at 150 °C 
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(i.e., Test nos. 7, 8 and 9). The duration of Test no. 7 was 100 days. Therefore, the 
relative humidity had not equilibrated, whereas for, the other two tests it equilibrated 
along the full length of the specimens after 130 days. During the first 35 days the relative 
humidity at distances of 60 and 120 mm increased sharply and then decreased. This is 
attributed due to the vapour movement from the heat end towards the colder side of the 
specimens. 
 
Figure 5.13 Transient relative humidity variations at specified depths of the specimens due to 
thermo-hydraulic loading at 150 °C 
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Figure 5.14 Transient relative humidity variations at specified depths of the specimens due to 
thermo-hydraulic loading at 150 °C (First 10 days of testing) 
 
Table 5.3 presents the measured relative humidities at various predetermined 
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Figure 5.15 Relative humidity profiles (at the time of termination of the tests) of the specimens 
due to thermo-hydraulic loading at 150 °C 
 
It can be seen from Table 5.3 and Fig. 5.15 that, the relative humidity decreased 
towards the heat source, whereas it increased as the distance from the heat source 
increased. Unlike in Test nos. 5 and 6 where the relative humidity attained at all 
predetermined depths was 100%, for Test nos. 7, 8 and 9 (height of specimens = 300 
mm), except at a distance of 240 mm where the measured relative humidity was 100%, 
at all other depths the relative humidity remained less than 100%. The test results 
indicate that water migration due to the supply of water at the cold end may not cause a 
significant increase in the relative humidity for thicker compacted bentonites when the 
applied temperature is very high. 
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5.3.5 Axial pressure development in non-isothermal conditions 
 
Figure 5.16 shows the elapsed time versus the measured axial pressures at the 
opposite end of the heat source for the compacted bentonite specimens in non-isothermal 
tests (Test nos. 5 and 6). The applied temperature and water pressure in this case were 
85 °C and 600 kPa. Figure 5.17 depicts the axial pressure generated during the non-
isothermal hydraulic tests (Test nos. 7, 8, and 9) at 150 °C. The applied water pressure 
for test no 7 was 5 kPa whereas for Test nos. 8 and 9 water was injected at a pressure of 
600 kPa. 
 
Figure 5.16 Elapsed time versus axial stress plot for thermo-hydraulic tests on compacted 
bentonite specimens at 85°C 
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Figure 5.17 Elapsed time versus axial stress for thermo-hydraulic tests on compacted bentonite 
specimens at 150°C 
 
It can be seen Figs. 5.16 and 5.17 that, the axial pressures for the compacted 
bentonite specimens increased with elapsed time before attaining an equilibrium at 
which, no further significant changes in the axial pressures was noted. The measured 
equilibrium axial pressures for the specimens in Test nos. 5, 6, 7, 8 and 9 were 2677, 
2451, 2196, 2627 and 2803 kPa, respectively. The test results indicated that the 
differences in the applied temperature (85 and 150 °C) and hydraulic boundary condition 
(with or without water injection), the axial pressure in compacted bentonites in this study 
remained between 2 to 3 MPa. This suggests that, thermal gradient effects are more 
pronounced in the axial pressure development in compacted bentonites under restrained 
condition. Additionally, applications of temperatures of 85 and 150 °C caused changes 
in terms of thermal gradient and relative humidity; however, their impact on the 
development of axial stress remained within about 1.0 MPa. 
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5.3.6 Profiles of water content, dry density, degree of saturation and 
suction 
 
Figures 5.18 (a), (b), (c) and (d) show the water content, dry density, degree of 
saturation, and suction profiles of the specimens tested, respectively. The data presented 
in Figs. 5.18 (a), (b) and (c) are based on analyses of the samples of bentonite slices (20 
mm thick) after termination of each tests. Therefore, the results are plotted 
corresponding to the mid-level of each slice. The results of Test no. 9 is not presented 
since the test is in progress for exploring long-term effects. The suction data presented 
in Fig. 5.18 (d) are based on the relative humidity and temperature data at the end of 
each test. The suctions were calculated based on the thermodynamic relationship 
between the relative humidity and suction (Fredlund et al., 2012).  
The results presented in Fig. 5.18 indicate that the results of tests conducted at a 
temperature of 85 °C are different than the tests at 150 °C. The specimens in Tests nos. 
5 and 6 underwent a wetting process as indicated by an increase in the water content, a 
decrease in the dry density, an increase in degree of saturation and a decrease in suction. 
On the other hand the specimens subjected to 150 °C showed a combined behaviour. 
The top half of the specimen towards the cold end underwent a wetting process as shown 
from the increased water content, degree of saturation and the decreased dry density and 
suction, whereas the reverse was the trend for the bottom half the specimens. The water 
content and degree of saturation decreased whereas the dry density and the suction 
increased. The test results clearly indicated that, at an applied temperature of 150 °C, the 
specimens underwent a drying process towards the heat source. 
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Table 5.4 Mass of water contained in the samples subjected to thermal tests. 
 Test 5 Test 6 Test 7 Test 8 
Initial mass of water 
for 80 mm sample 
181.5g 181.5g   
     
Initial mass of water 
for 300 mm sample 
  680g 680g 
     
Mass of water in the 
sample (Post-test) 
185g 187g 571g 480g 
 
     
Figure 5.18 Profiles of (a) Water content, (b) Dry density, (c) Degree of saturation and (d) 
suction of the specimens after thermo-hydraulic tests at 85 and 150°C 
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Figure 5.19 Water mass profiles, (a) Thermohydraulic tests at 85°C (b) Thermohydraulic tests 
at 150 °C 
 
Table 5.4 and figure 5.19 demonstrate the mass of water in the bentonite samples 
prior and subsequent to the testing processes. The water mass in the samples subjected 
to 85 °C increased in comparison with their initial value. The average increase of the 
water mass is minimal but in addition with the results from section 4.3.6 it is suggested 
that the water infiltration overcomes the evaporation of the water due to the thermal 
loading. The sample in test 6 showed the highest increase with 3% from its initial value.  
Generally, both tests show a similar response as the output is given for the same time 
period and both terminated when all the RH sensors reached the equilibrium which in 
this case is when they reached the 100%. It has to be noted that the flooding of the 
sensors does not mean that the bentonite sample is fully saturated as the last sensor is 
placed at 20mm from the heater. Thus, at the sample’s actual equilibrium the mass of 
the absorbed water is possible to be higher than the one reported above. 
On the other hand, both tests nos 7 and 8 show a decrease in their water mass. 
Tests nos 7 and 8 show a 17% and 30% decrease in their initial water mass respectively. 
The areas where the temperature was above the 100 °C formed a zone where the water 
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evaporated towards the colder areas not allowing the infiltration of the injected water. 
The decrease of the overall water mass can be explained from the potential leakages of 
the cell’s column (RH probe shafts). The water content profile in figure 5.18 shows that 
the samples underwent a drying process between the heater and the 140 mm away from 
it. Along this area are three RH probe shafts thus the leakage potentials are increased 
regardless the water tightness of the connections. The combination of the probable 
leakages and the non-infiltrated zones lead to the overall decrease of the sample’s water 
mass. Also, evidently the loss of water is time depended as the tests nos7 and 8 have the 
same constraints and their only difference was the testing period. Tests 7 and 8 run for 
90 and 300 days respectively.  
Finally, the complexity of the process to derive the water mass and water content 
post mortem measurements allows the dissected specimens to partially dry during the 
testing procedure. 
5.3.7 Shapes of Temperature and Relative Humidity Profiles 
 
According to Tripathy et al (2017) the shapes of temperature profiles presented in 
Figures 4.13 and 5.11 are found to be similar to an inverted S-shaped curve. The 
experimental data presented in Figures 4.13 and 5.11 were best-fitted with a two-
parameter model (Equation (1)) as shown in Figures 5.20 and 5.21. The fitting 
parameters are shown in Table 5.5  
{ }[ ]  −+
=
bbaT
D
D
1
1
max
)(1
, 
(1) 
where D is the distance from the heat source, Dmax is thickness of bentonite, a and b are 
the fitting parameters, and T is the temperature at a distance of D from the heat source.  
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Table 5.5 Model fitting parameters for temperature profiles. 
Test No. Type of Test 
Height of 
Specimen (mm) 1 
Temperature at 
Bottom/Top (°C/°C) 
Model Parameters 
a b 
T1 
Non-isothermal 
80 85/25 0.023 5 
T2 80 85/25 0.020 5 
T3 300 150/25 0.022 5 
T4 300 150/25 0.017 5 
TH5 
Non-isothermal 
hydraulic 
80 85/25 
0.021 5 
TH6 80 85/25 
TH7 300 150/25 
0.017 
 
TH8 300 150/25 5 
TH9 300 150/25  
Diameter of specimen = 100 mm. a and b: fitting parameters. 
 
The value of the parameter a decreased for an increase in the thickness of 
insulation, an increase in the temperature, an increase in the thickness of bentonite, and 
for the hydraulic tests. The value of the parameter b remained unchanged. Equation (1) 
can be used to calculate the distance at which an anticipated temperature will prevail.  
 
Figure 5.20 Temperature Profile shapes for Non-isothermal tests 
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Figure 5.21 Temperature Profile shapes for Non-isothermal/Hydraulic tests 
 
The shapes of relative humidity profiles for non-isothermal and non-isothermal 
hydraulic tests (Figures 4.17 and 5.15) are found to be dissimilar. A generalized two 
parameter model (Equations (2), (3)) was used to best-fit the relative humidity profiles, 
as shown in Figures 5.22 and 5.23. The model parameters are shown in Table 3. In all 
cases, very high values of the coefficients of regression were found. Equation (2) can be 
used to estimate the distance at which a specific value of the relative humidity will 
prevail or the relative humidity at any distance from the heat source. The parameters 
shown in Table 5.6 are for the duration of the tests considered in this study and hence 
may not be reliable for calculating the relative humidity at equilibrium conditions for 
the non-isothermal applied boundary condition. The relative humidity profiles for Tests 
TH7, TH8, and TH9 (Figure 5.23) were best fitted with a linear relationship (Equation 
(3).  
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 −
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23.2
71.17D
RH D
, 
(3) 
where m and n are the best-fit parameters and RHD is the relative humidity at a distance 
of D from the heat source. 
Table 5.6 Model parameters for the relative humidity profiles in non-isothermal tests. 
Test No. 
Model Parameters 
m n 
T1 6.0375 0.0339 
T2 13.296 0.0267 
T3 13.559 0.0321 
T4 40.950 0.0240 
        m and n: best-fit parameters. 
 
 
Figure 5.22 Relative humidity Profile shapes for Non-isothermal tests  
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Figure 5.23 Temperature Profile shapes for Non-isothermal Hydraulic tests 
The experimental data of MX80 bentonite reported by Villar et al. [2014] were 
considered for comparing with the model results in this study. Villar et al. [2014] carried 
out laboratory tests on MX80 bentonite (70 mm diameter and 500 mm high) with initial 
dry density and water content of 1.53 Mg/m3 and 6.4%, respectively. The applied 
temperature at the base of the specimen was 140 °C. Following the heating phase for 
about 239 days, the specimen was hydrated with water from the opposite end of the heat 
source with an injection pressure of 6.0 kPa. Figure 5.24 (a,b) show the temperature and 
relative humidity profiles for the non-isothermal and non-isothermal hydraulic phases 
of the test, respectively. The experimental data for the simultaneous heating and 
hydration phase correspond to a test duration of 620 days. The calculated results for the 
temperature and relative humidity are shown in Figure 5.24. It can be seen that the model 
results in this study generally predicted higher values of the temperature and the relative  
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humidity; however, the shapes of the profiles are captured well. The difference in the 
experimental and calculated results originate from the differences in the initial 
compaction conditions, the applied temperature, the size of specimen, the insulation type 
used, and the duration of the tests.  
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Figure 5.24 Comparison of test results from the literature [Villar et al, 2017] and model 
results in this study for: (a) temperature profiles; (b) relative humidity profiles. 
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5.4 Summary 
 
In this chapter, the influence of the thermal and hydraulic gradients on the thermo-
hydro-mechanical response of compacted bentonite specimens is presented. At the 
opposite end of the bentonite specimens two different temperature boundary conditions 
were considered, such as (i) 85 °C and 25 °C for specimens with dia. = 100 mm and 
height = 80 mm and (ii) 150 °C and 25 °C for the specimens with dia. = 100 mm and 
height = 300 mm. A water injection pressure of 600 kPa was considered. 
The test results obtained are the transient temperature and relative humidity at 
predetermined depths of the specimens, axial pressure at the opposite side of the heat 
source. The test results of water content, dry density, and degree of saturation along the 
depth of the bentonite specimens were determined after the termination of the tests.  
The temperature of the samples subjected to 85 °C increased along their full length 
and equilibrate when the relative humidity reached equilibrium. The temperature values are 
similar with the values obtained from the non-isothermal test described in chapter 4. The 
relative humidity increased along the full length of the specimen until it reached the 100%. 
The middle part of the specimen reached first the 100% relative humidity as the combined 
action of the water injection from the cold end and the vapour movement from the hot end 
took place. The water injection caused the increase of the water content and degree of 
saturation whereas the dry density and suction decreased.  
The samples subjected to 150 °C equilibrate thermally within 25 days along their full 
length and weren’t affected by the changes in the relative humidity. The relative humidity 
varied along the length of the samples. The parts closer to the cold end showed an increased 
relative humidity compared to their initial with a maximum value of 100% whereas the 
relative humidity of sections closer to the heating elements decreased indicating a vapour 
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movements from the hot end towards the colder area. The variation of the relative humidity 
is demonstrated also at the profiles of the water content, dry density, degree of saturation 
and suction. At the cold end of the specimen with the increased relative humidity the water 
content and degree of saturation increased whereas the dry density and suction decreased 
demonstrating a wetting process of the material. On the other hand at the hot end of the 
sample we observed the opposite phenomena where the water content and degree of 
saturation decreased while the dry density and suction increased, indicating the drying 
process that this part underwent. 
For both type of tests the axial pressure remained between 2 and 3 MPa. That is a 
clear indication that even though the application of different thermal gradients showed a 
different behaviour of the temperature and relative humidity the impact on the axial pressure 
when the specimen is hydrated remained within 1.0 MPa.  
Three formulas used to model the temperature and relative humidity behaviour of the 
bentonite samples used in this study. The temperature results are fitted with a two parameter 
equation and the given profiles are similar to an inverted S-shaped curve. The fitting 
parameters are related to the height of the specimen and the type of the insulation used for 
each test. Two equation used to model the results for the relative humidity values at any 
given distance from the heat source in the compacted bentonite sample. The non –isothermal 
tests modelled with the two parameter equation 2 with the parameters being related to the 
duration and the insulation of each test. On the other hand the non-isothermal hydraulic tests 
at 85 °C weren’t modelled as their equilibrium value was 100% RH whereas the tests at 
150°C where fitted with a simple linear equation.  
The equations derived from this study were used to model and compare the values 
from the work of Villar et al (2014). The modelled results are higher than what reported 
from Villar but that is expected due to the differences in their initial conditions. Despite the 
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difference in the measured and calculated values, the shape given from the model is similar 
to the shape taken from the experimental values for both the temperature and relative 
humidity values.
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EFFECTS OF TEMPERATURE AND HYDRAULIC 
GRADIENTS ON MINERALOGY AND SOLUTE 
TRANSPORT IN COMPACTED BENTONITE 
 
 
 
 
 
 
 
 
 
6.1 Introduction 
+ 
The concept for the safe disposal of high-level radioactive waste in many countries 
considered bentonite and bentonite-based materials as the key components of the 
engineered barrier systems. Pre-compacted bentonite blocks can be used to form the 
buffer around the waste canister, while bentonite can also be used to backfill and seal the 
disposal tunnels and the underground facilities. The high retention capacity, low 
permeability and high swelling ability makes bentonites as the ideal hosting materials 
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once the waste canister failed to confine the waste (Gómez-Espina and Villar, 2015). A 
good understanding of the migration of radionuclide and the mineralogical changes in the 
buffer material are of great importance as they are important factors that define the 
integrity of the repository. An understanding of the radionuclide migration requires a 
good knowledge of the pore water composition of the bentonite, as it influences greatly 
the release and transport behaviour of the radionuclide (Kozaki et al., 2001; Fernández et 
al., 2004; Kaufhold et al., 2009; Fernández et al., 2017).  
The primary function of the buffer surrounding the canisters with high-level 
radioactive waste is to be less permeable than the surrounding rock and to be able to 
adsorb any released radionuclides. It must also be sufficiently ductile to prevent the build-
up of critically high stresses in the canisters due to seismically, tectonically or thermally 
induced shearing along fractures that intersect the deposition holes. The ductility property 
of the material used is prerequisite for self-sealing of voids and gaps that may be formed 
at the clay/canister contacts. If the gaps remain open or are filled with clay with low 
density they produce permeable paths that can cause fast transport of water carrying 
radionuclides. For closing or compressing the technological voids the swelling and creep 
potentials of the materials are the key requirements. If cementation takes place these 
properties can deteriorate so much that the waste isolation capacity of the buffer 
decimates (Wang et al., 1990; Pusch et al., 2003; Pusch et al., 2010; Grim and Guven, 
2011; Andrini et al., 2017). 
This chapter presents the investigation on the possible mineralogical changes and 
the salt migration in compacted bentonite due to the application of thermal and thermo-
hydraulic gradients. Compacted bentonite specimens were subjected in thermal and 
thermo-hydraulic gradients as described in Chapters 4 and 5. After the completion the 
tests, the specimens were sliced into disks of 20 mm thick and 100 mm diameter. The 
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concentration of the cations and the mineralogy of each disk (sample) were determined. 
Section 6.2 presents a brief literature review concerning the influence of thermal loading 
and chemical changes in compacted bentonites. Section 6.3 presents the experimental 
program for the mineralogical and chemical analyses undertaken in this study. Section 
6.4 presents the test results and discussion. The main findings emerging from this work 
are summarised in section 6.5. 
 
6.2 Background  
 
Bentonite mainly consists of 2:1 montmorillonite clay mineral. Montmorillonites 
are formed from high temperature silicates in low temperature environments and in 
hydrothermal systems at temperatures of 100 to 150 °C. When the mineral 
montmorillonite is exposed to higher temperatures and pressures, it tends to be 
transformed in to more stable silicate phases, such as illite/montmorillonite mixed layers, 
illite, chlorite etc. (Inoue, 1995). The transformation of the montmorillonite might occur 
due to changes in its kinetic and hydrologic constraints. Time, concentration of 
exchangeable cations, saturation and pressure are variables that could affect the 
montmorillonite composition in compacted bentonites (Pusch et al., 1991; Madsen, 
1998). 
 Couture (1985) reported that significant cementation effects took place in heat-
treated bentonite at 150 °C and above which resulted in loss of expandability, in particular 
under unsaturated conditions. A later study showed that no significant changes occur 
when a compacted bentonite is heated under unsaturated conditions in the temperature 
range of 90 to 150 °C (Oscarson and Dixon, 1990). Recent studies showed no significant 
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changes in swelling pressure when powder bentonite samples are subjected to 
temperatures of 90 to 110 °C. On the contrary, dense bentonite pellets showed some 
reduction of swelling at 125 °C and significant reduction at 150 °C (Pusch, 2000; Pusch 
et al., 2003).  
 Mitchell and Soga (2005) stated that the basal spacing (d(100)) of montmorillonite 
may vary from 10 to 18 Å depending upon the treatments offered to the samples prior to 
x-ray diffraction tests, whereas the mineral illite is characterized by a basal spacing of 
about 10 Å, which remains ﬁxed both in the presence of polar liquids and after drying. 
Thermal and thermo-hydraulic gradients can cause movement vapour and redistribution 
of water content within compacted bentonites. Therefore, analysis of XRD spectra of 
samples from compacted bentonites after subjecting them to both thermal and thermo-
hydraulic gradients is expected to indicate the aspects associated with mineralogical 
changes. 
According to Samper et al. (2008) the transportation of chemicals in a compacted 
bentonite specimen is achieved due to advection, molecular diffusion and dispersion. 
Bentonite consists of 80-85% montmorillonite and 15-20% of other accessory minerals 
(calcite, pyrite, quartz, gypsum, mica, feldspar, biotite, siderite, and albite) (Bradbury and 
Baeyens, 2003) which participate in the ion exchange when dissolve in water. The 
chemical concentration measurements in a bentonite specimen are affected by aqueous 
complexation, acid base, precipitations/dissolutions and cations exchange (Cleall et al., 
2007; Samper et al., 2008; Fernández and Villar, 2010). 
The ion transport in compacted bentonites due to the applications of thermal and 
thermo-hydraulic gradients occurs due to several processes, such as evaporation, 
condensation, advection, and molecular diffusion (Samper et al., 2008; Fernández and 
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Villar, 2010). Evaporation of water from the heat source establishes a chemical 
concentration gradient within compacted bentonites. Additionally, in the presence of 
hydraulic gradient (suction gradient), advection and dissolution/precipitation of solutes 
influence the transport and redistribution of ions within the compacted bentonite systems.  
The applied thermal gradient across a compacted bentonite specimen affects the 
solute transport phenomenon by increasing the solute concentration at the hot end of the 
specimen due to evaporation and molecular diffusion. During the thermo-hydraulic 
loading apart from the concentration gradient and diffusion processes discussed above, 
advection and dissolution/precipitation of solutes at the cold end governs the solute 
transport. 
There are two different approaches that can be adopted to perform the chemical 
analysis of compacted bentonites, such as saturation extraction technique and ammonium 
acetate technique. The former provides the information concerning the soluble ions, 
whereas the latter provides information concerning the total exchangeable cations present 
in bentonites. Both methods have been adopted in the past by several researchers. In 
general, both methods provide evidence concerning any changes of the quantity ions, both 
near the heat source and the hydration source. It is a usual practice to determine both 
cations and anion concentrations at various salient levels along the depth of bentonite 
specimens to explore the chemical changes on account of applied thermal and thermo-
hydraulic gradients. However, studies in the past have shown that, anion and cations 
concentration show specific trends at near and away from the heat source. Mitchell and 
Soga (2005) stated that the diffusive ﬂow in clays is driven by chemical concentration 
gradients and that in most cases cations–anion pairs diffuse together. Determination of 
cations exchange capacity has been carried out by some researchers in the past (Villar et 
al., 2008; Gómez-Espina and Villar, 2010; Dohrmann and Kaufhold, 2014). In the present 
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investigation the fractional cations exchange capacity of bentonite samples at various 
predetermined depths were determined by using the ammonium acetate extraction method 
and the ICP-OS analysis. The determination of fractional cations exchange capacity were 
carried out following termination of the tests. 
 
6.3 Experimental program  
 
Compacted bentonite specimens were subjected in thermal and hydraulic gradients 
with different boundary temperatures and test durations. Four nos. of thermal and five 
nos. of thermo-hydraulic tests were performed (Tables 3.1 and 3.2, chapter 3). The 
changes in the temperature, relative humidity, axial pressure, degree of saturation, dry 
density and water content are reported in Chapters 4 and 5. After the termination of each 
test the specimens were sliced in to 20 mm thick disks with 100 mm diameter. The disks 
were grinded to powder with a mortar and a pestle. The powder was kept in airtight 
containers and samples of each powder were used to perform the mineralogical analysis 
and the determination of the cations concentrations. 
For the mineralogical analysis, three different conditions of the samples were used. 
Each sample was tested as undried, dried and magnesium saturated with glycerol 
solvation. The undried sample represents the powder taken from the crushed bentonite 
disks. The dried samples were the oven dried powder samples. For magnesium-saturated 
and glycerol solvated samples (i.e., Mg-saturated- glycerol solvated), 25 mL of 1 N 
MgCl2 per 300 mg of clay was used. The sample was placed on a 0.45 µm membrane 
filter and 25 mL of deionized water used to rinse the sample. The sample was then 
removed from the filter with the aid of a rubber policeman and transferred to the surface 
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of a glass slide to air-dry. Once the air drying phase was completed, the sample was 
transferred on a 0.45 µm membrane filter mounted on a Buchner funnel. Sufficient 
quantity of glycerol (30%) was used to cover the Mg-saturated bentonite sample. The 
excess glycerol was removed by applying vacuum using the Buchner funnel. Once the 
sample was free from the excess glycerol, it was placed on a glass slide to air dry. The 
sample was then stored in glycerol desiccator until scanning was performed.  
The procedure followed for XRD tests is described in section 3.2 (chapter 3). Two 
grams of bentonite sample was placed on a glass plate and inserted in the goniometer and 
was bombarded with X-rays (Ulery and Drees, 2008). The c axis spacing or the basal 
spacing (i.e., d001 spacing) and the relative peak intensities of the sample were recorded 
and compared for the relevant samples. 
To prepare the samples for the cations exchange capacity determination, the 
ammonium acetate extraction method was used at a pH value of 7. Bentonite samples 
from each sliced disk were used (i.e., powdered and oven-dried samples). First, 25 ml of 
ammonium acetate was added to a sample of 5 g of bentonite powder. The mixture was 
shaken well intermittently for about 30 minutes. The solution was extracted by using a 
centrifuge and then preserved. A further 25 ml. of ammonium acetate was added to the 
sample mixture and left it for overnight and then the solution was extracted. This 
procedure was repeated two more times. The extracted solution was collated and 
considered for ICP-OS analysis to determine the type and amount of cations of Na+, Ca2+, 
Mg2+ and K+.  
The concentrations of cations measured from the Ion Chromatography (IC) and 
Inductively Couple Plasma Optimal Emission Spectroscopy (ICP-OES) were found out 
in mg/l of solution using. The concentrations of cations also presented in meq/100 g. The 
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concentration of soluble cations in bentonite were measured from the aqueous extract of 
solutions prepared with dry bentonite: water ratio of 1:10. 
The method to convert the mg / l units into meq/100g of soil. The initial bentonite 
sample used for this test was 5 gram thus a multiplication by a factor of 20 is needed to 
upscale the values of cations for 100 g of soil. Then the conversion from milligrams to 
milliequivalent can be achieved with the following Equation 3. The valence and the 
atomic weight of the cations can be found in table 6.1 
&'(')*+',-()./ = (&'('12-&3 × 5-/'6. 7-(-.8)) 9/6&'8 :)'1ℎ/<  (iii) 
 
Table 6.1 Atomic Weights and Valences of Cations 
Cations 
 
Atomic 
weight 
Valence 
Na+ 23 1 
K+ 39 1 
Ca2+ 40 2 
Mg2+ 24.3 2 
 
 
Triplicate measurements were performed on each sample to avoid error associated 
with the measurements. Additionally, duplicate samples were tested for each 
predetermined layers and the average measured values were considered for the 
presentation.  
Table 6.2 presents the experimental program followed. The test results of two 
thermal tests and two thermo-hydraulic tests are considered in this chapter. The test 
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conditions cover both 85 and 150 °C. The selected tests were those with the longest testing 
period. The thermal tests had a duration of 160 days for an applied temperature of 85°C 
and 190 days at an applied temperature of 150°C. The durations of the two thermo-
hydraulic tests was 285 days for the test with an applied temperature of 85 °C and 300 
days for an applied temperature of 150 °C. The mineralogy and various cations of each 
sample was determined after termination of the thermal and thermo-hydraulic tests.   
 
Table 6.2 Experimental program after termination of thermal and thermo-hydraulic tests 
Type of test Applied 
temperatures 
(°C) (Top-
bottom) 
Test 
duration 
(days) 
Conditions of 
samples prior 
to XRD tests 
List of cations 
analysed in 
using 
ammonium 
acetate and 
ICP-OS  
Thermal 25-85 160 Undried, 
Dried, Mg 
saturated – 
glycol 
solvated 
Na+, K+, Ca2+, 
Mg2+ 
 25-150 190 
Thermo-
hydraulic 
25-85 285 Undried, 
Dried, Mg 
saturated – 
glycol 
solvated 
Na+, K+, Ca2+, 
Mg2+  25-150 300 
 
 
 
6.4 Results and discussions 
 
The XRD patterns of the compacted bentonite samples are presented in sections 
6.4.1 to 6.4.4.  The variations of cations concentration due to applied thermal and thermo-
hydraulic gradients are presented in section 6.4.5.  
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6.4.1 XRD analysis of the compacted bentonite subjected to thermal 
gradient at temperature of 85 °C 
 
The possible mineralogical changes of the compacted bentonite specimen upon 
subjected to an applied temperature of 85°C at the bottom and 25°C at the top was 
investigated after completion of the test. Powder samples from the predetermined sections 
along the full depth of each specimen were analysed with the aid of the x-ray diffraction 
technique to explore whether there were any changes in the mineralogical composition of 
the bentonite. Each powder sample was tested under three different treatment conditions, 
undried, dried and Mg-saturated-glycol solvated. The results for each type of test are 
demonstrated in the subsequent sections. For the sake of comparison the XRD pattern of 
the raw material under the same testing conditions (undried, dried and Mg-saturated-
glycol solvated) is also presented.  
 
Figures 6.1, 6.2 and 6.3 show the X-ray diffraction patterns of undried, dried and 
Mg-saturated-glycerol solvated samples at various predetermined depths of the bentonite 
specimens. In each of Figs. 6.1 to 6.3, three plots are shown, such as the XRD patterns of 
bentonite samples at various depths presented separately (Figs. 6.1a, 6.2a and 6.3a), the 
results obtained at each depth are superimposed in Figs. 6.1b, 6.2b, and 6.3b, and the 
superimposed XRD patterns are presented by considering a smaller x-axis scale in Figs. 
6.1c, 6.2c, and 6.3c. The results obtained for the raw material are also shown in each case. 
The X-ray diffraction patterns presented in Figs 6.1 to 6.3 show the d(001) spacing of the 
samples in angstrom (Å) (10 Å = 1nm). The depths of bentonite specimens at which the 
XRD patterns were obtained are shown in the legend of each plot.  
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Figure 6.1 XRD patterns of undried samples after thermal tests conducted at 85 °C 
  
(a) 
(b) 
(c) 
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Figure 6.2 XRD patterns of oven-dried samples after thermal tests conducted at 85 °C 
  
(a) 
(b) 
(c) 
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Figure 6.3 XRD patterns of Mg-saturated-glycerol solvated samples after thermal tests 
conducted at 85 °C 
 
  
(a) 
(b) 
(c) 
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Figures 6.1 to 6.3 show that, in case of undried samples (Fig. 6.1), some variation 
of the XRD spectrum occurred between d(001) of 10 to 20 Å (i.e., 1.0 to 2.0 nm) and at all 
salient depths of the specimens considered, whereas in case of dried and Mg-saturated-
glycerol solvated samples, the XRD patterns remained similar at all salient depths. In the 
latter cases, even the XRD patterns are found to be similar to the XRD pattern of the raw 
material. 
Mitchell and Soga (2005) stated that for air dried montmorillonite the basal 
spacing (i.e., d(100) or c axis spacing) may remain between 12 to 15 Å, whereas after 
treatment with ethylene glycol or glycerol, montmorillonites expand to a d(001) value of 
17 to 18 Å. Upon oven dried, d(001) decreases to about 10 Å as a result of the removal of 
interlayer water. Table 6.3 shows the d(001) spacing of montmorillonite at various initial 
conditions as obtained in this study for the raw material. The information presented in 
Table 6.3 were extracted from Figs. 6.1 to 6.3. It can be seen in Table 6.3 that, the d(001) 
spacing of montmorillonite agree very well with the data available in the literature.   
 
Table 6.3 XRD patterns of as-received bentonite (raw material) 
Conditions of samples prior to XRD tests d(001) spacing (nm) 
Undried  1.5 
Oven-dried 1.0 
Oven dried, Mg-saturated and glycerol solvated 2.0 
 
Table 6.4 presents the d(001) spacing of undried samples at various predetermined 
depths of the bentonite specimen. The temperatures presented in Table 6.4 at various 
salient depths were obtained from temperature profile of the specimen as shown in Fig. 
4.4. The d(001) spacing are based on the results presented in Fig. 6.1.   
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It can be seen in Table 6.4 that, the d(001) spacing increased from 0.95 nm at closer 
to the heat source to about 1.3 nm towards the cold end. An application of thermal 
gradient caused movement of water vapour from the heat source and towards the cold 
end. A change in the water content in the interlayer space is expected to cause a change 
in the d(001) spacing. The test results clearly indicates dehydration of the bentonite 
specimen at and near the heat source and hydration at the opposite end of heat source. An 
increase in the basal spacing towards the cold end is attributed primarily due to the 
hydration of exchangeable cations and surface of the mineral montmorillonite.  
 
Table 6.4 d(001) spacing of montmorillonite as affected by an applied thermal loading of 85°C 
based on XRD pattern of undried sample (see Fig. 6.1) 
Average distance from heat 
source (mm) 
Temperature (°C) based 
temperature profile shown in 
Fig. 4.4 
d(001) spacing 
(nm) 
10 78 0.95 
30 60 1.05 
50 45 1.3 
70 38 1.3 
 
No variation in the c axis spacing was noted for the samples that were either oven 
dried or Mg-saturated-glycerol solvated. At all salient depths, the d(001) spacing remained 
at 1.0 nm (10 Å) for the oven dried samples (Fig. 6.2), whereas it remained at 1.8 nm (18 
Å) for the Mg-saturated-glycerol solvated samples (Fig. 6.3). The results presented in 
Figs. 6.2 and 6.3 clearly show that, the treatment process (i.e., oven drying and treating 
samples with glycerol) prior to XRD tests eliminates the important information 
concerning the hydration/dehydration of montmorillonite minerals.    
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6.4.2 XRD analysis of compacted bentonite subjected to thermo–
hydraulic gradient at temperature of 85 °C 
 
The XRD test results of compacted bentonite specimens that were subjected thermal 
and hydraulic gradients simultaneously are presented in this section. The applied 
temperature was 85 °C at the bottom and 25 °C at top of the specimens, whereas water 
was supplied to the specimens at a pressure of 600 kPa from the top. The powder samples 
from the bentonite disks (20 mm thick and 100 mm dia.) were considered for the XRD 
tests. The samples were either undried or oven dried or even Mg-saturated-glycerol 
solvated. Figures 6.4, 6.5 and 6.6 show the XRD patterns of the samples for these 
conditions. Figures 6.4a, 6.5a and 6.6a present the XRD patterns of samples at various 
predetermined depths, Figs. 6.4b, 6.5b and 6.6b present the superimposed results, and 
Figs. 6.4c, 6.5c and 6.6c present the results with a smaller x-axis scale. 
 
The following points emerged from the XRD patterns shown in Figs. 6.4 to 6.6 for 
the d(001) spacing of montmorillonite:  
 
(i) Differences in the d(001) spacing of montmorillonite is noted for the undried 
samples (see Fig. 6.4); in this case, the basal spacing increased with an 
increase in the distance from the heat source (14 Å at 10 and 30 mm from the 
top, 12.5 Å at 50 mm from top and 11.5 Å at 70 mm from top). An increase in 
the basal spacing can be attributed due to the combined influence of movement 
of water vapour from the heat source and towards the cold end (25 °C) and 
water injection from the top end of the specimens. In general, there was an 
increase in the basal spacing for the specimens when subjected to thermo- 
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(ii) hydraulic gradient as compared to the results for the thermal tests (see Table 
6.3). 
(iii) The d(001) spacing is found to be similar for the samples that were oven-dried 
(Fig. 6.5); in this case, the impact of water movement and water injection was 
subdued, the basal spacing remained at about 10 Å. 
 
(iv) Some differences in d(001) spacing were noted for the Mg-saturated-glycerol 
solvated samples; in this case, the basal spacing of montmorillonite remained 
between about 17 to 22 Å. 
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Figure 6.4 XRD patterns of undried samples after thermo-hydraulic tests conducted at 85 °C 
 
  
 (a) 
(b) 
(c) 
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Figure 6.5 XRD patterns of oven-dried samples after thermo-hydraulic tests conducted at 85°C 
  
(a) 
(b) 
(c) 
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Figure 6.6 XRD patterns of Mg-saturated-glycerol solvated samples after thermo-hydraulic 
tests conducted at 85 °C 
  
(a) 
(b) 
(c) 
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6.4.3  XRD analysis of the compacted bentonite subjected to thermal 
gradient at temperature of 150 °C    
 
The compacted specimens tested at a temperature of 85 °C were 80 mm thick, 
whereas the specimens that were tested at 150 °C were 300 mm thick. Prior to the XRD 
tests, the 300 mm thick specimens were sliced into fifteen disks, each 20 mm thick and 
100 mm dia. The bentonite disks were then pulverised and further the powder samples 
were prepared. The XRD tests on a sample corresponding to any predetermined depth of 
the specimens was repeated three times and for the three different treatment conditions 
mentioned earlier (undried, oven-dried and Mg-saturated-glycerol solvated).  
Figure 6.7, 6.8 and 6.9 show the XRD spectra of the bentonite samples for the 
conditions of undried, oven-dried and Mg-saturated-glycerol solvated. In each case, three 
plots are presented, such as the XRD patterns of bentonite samples at various depths 
presented separately (Figs. 6.7a, 6.8a and 6.9a), the results obtained at each depth are 
superimposed in Figs. 6.8b, 6.8b, and 6.9b, and the superimposed XRD patterns are 
presented by considering a smaller x-axis scale in Figs. 6.7c, 6.8c, and 6.9c. The results 
obtained for the raw material are also shown in each case. The depths of bentonite 
specimens at which the XRD patterns were obtained are shown in the legend of each plot.  
It can be seen in Fig. 6.7 that, the d(001) spacing of montmorillonite increased with 
an increasing distance from the heat source (see d(001) spacing between 8 and 20 Å). Table 
6.5 presents the average distance from the heat source, the corresponding temperatures 
(obtained from Fig. 4.10) and the d(001) spacing. The basal spacing of montmorillonite 
remained similar to that of oven dried samples (i.e., 10 Å, see Table 6.3), whereas the 
basal spacing increased from the mid height of the specimen (i.e., 150 mm) and remained 
at about 12.5 Å towards the top end. This value is slightly smaller than that of the  
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specimen which was subjected to a temperature of 85 °C (see Table 6.4). Note that, the 
height of the specimens were smaller in case of applied temperature of 85 °C.  
A variation of d(001) spacing of montmorillonite for the samples that were oven-
dried and tested and that were Mg-saturated-glycerol solvated prior to testing was 
indistinct (Figs. 6.8 and 6.9). In case of the oven-dried samples, the basal spacing of 
montmorillonite remained at 10 Å (Fig. 6.8), whereas it remained between about 18 to 22 
Å in case of the samples that were Mg-saturated-glycerol solvated prior to the XRD tests. 
The test results are similar to that of the specimens that underwent a thermal loading at 
85 °C. 
Table 6.5 d(001) spacing of montmorillonite as affected by an applied thermal loading of 150°C 
based on XRD pattern of undried sample (see Fig. 4.10) 
Average distance from heat 
source (mm) 
Temperature (°C) based 
temperature profile 
shown in Fig. 4.4 
d(001) spacing (nm) 
10 135 1.0 
30 125 1.0 
50 100 1.0 
70 85 1.0 
90 80 1.0 
110 74 1.0 
130 70 1.03 
150 65 1.03 
170 60 1.03 
190 57 1.2 
210 53 1.22 
230 50 1.25 
250 43 1.25 
270 37 1.25 
290 30 1.25 
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Figure 6.7 XRD patterns of undried samples after thermal tests conducted at 150 °C 
  
(a) 
(b) 
(c) 
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Figure 6.8 XRD patterns of oven-dried samples after thermal tests conducted at 150 °C 
  
(a) 
(b) 
(c) 
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Figure 6.9 XRD patterns of Mg-saturated-glycerol solvated samples after thermal tests 
conducted at 150 °C 
 
  
(a) 
(b) 
(c) 
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6.4.4 XRD analysis of compacted bentonite subjected to thermo-
hydraulic gradient at 150 °C 
 
 
Figures 6.10, 6.11 and 6.12 show the XRD patterns of the samples after the thermo-
hydraulic tests (applied temperature = 150 °C and water injection pressure = 600 kPa) for 
sample conditions of undried, oven-dried and Mg-saturated-glycerol solvated, 
respectively. Figures 6.10a, 6.11a and 6.12a present the XRD patterns of samples at 
various predetermined depths, Figs. 6.10b, 6.11b and 6.12b present the superimposed 
XRD results, and Figs. 6.10c, 6.11c and 6.12c present the results with a smaller x-axis 
scale. 
 
The following points emerged from the XRD patterns shown in Figs. 6.10 to 6.12 for 
the d(001) spacing of montmorillonite:  
 
(i) Differences in the d(001) spacing of montmorillonite is noted for the undried 
samples (see Fig. 6.10); in this case, the basal spacing increased with an 
increase in the distance from the heat source (9.8 Å at 10 mm from the heat 
source to 14 Å at 290 mm from the heat source). An increase in the basal 
spacing can be attributed due to the combined influence of movement of water 
vapour from the heat source and towards the cold end (25 °C) and water 
injection from the top end of the specimens. In general, there was an increase 
in the basal spacing for the specimens when subjected to thermo-hydraulic 
gradient as compared to the results for the thermal tests (see Table 6.5). 
(ii) The d(001) spacing is found to be similar for the samples that were oven-dried 
prior to XRD tests (Fig. 6.11); in this case, the impact of water movement and 
water injection was subdued, the basal spacing remained at about 10 Å,   
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(iii) Some differences in d(001) spacing were noted for the Mg-saturated-glycerol 
solvated samples; in this case, the basal spacing of montmorillonite remained 
at about 17.5 to 22 Å. 
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Figure 6.10 XRD patterns of undried samples after thermo-hydraulic tests conducted at 150°C 
 
  
(a) 
(b) 
(c) 
  Chapter 6 
164 
 
 
 
 
 
Figure 6.11 XRD patterns of oven-dried samples after thermo-hydraulic tests conducted at 
150 °C 
  
(a) 
(b) 
(c) 
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Figure 6.12 XRD patterns of Mg-saturated-glycerol solvated samples after thermo-hydraulic 
tests conducted at 150 °C 
  
(a) 
(b) 
(c) 
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6.4.5 Solute transport due to applied thermal and thermo-hydraulic 
gradients 
 
The non-isothermal tests in this study were carried out by applying temperatures 
of either 85 or 150 °C at the bottom and 25 °C at the top of the compacted bentonite 
specimens. During the thermo-hydraulic tests, in addition to the applied temperature 
conditions, water was supplied at a pressure of 600 kPa from the top of the specimens.  
Figures 6.13 and 6.14 show the fractional cations values for Na+, Mg2+, Ca2+ and 
K+ in the compacted bentonite specimens at various distances from the heat source. The 
values of cations represent the exchangeable cations and soluble ions. The compositions 
of the cations in the raw material (as-received) are shown in the corresponding plots.  
The results presented in Fig. 6.13 shows that, for the thermal tests at 85 and 150 
°C, the amount of Na+ decreased slightly near the heat source, whereas it increased for 
the thermo-hydraulic tests. As compared to the raw material, a variation of Na+ remained 
within about ± 11% for the entire heights of the specimens. The changes in the Mg2+ 
amount was about 66% at the heat source (Fig. 6.13b). In this case, the thermal loading 
caused an increase, whereas thermo-hydraulic loading caused a decrease in the amount 
of Mg2+ near the heat source. The amount of Mg2+ generally decreased as the distance 
from the heat source increased.  
Figure 6.14 shows that, the amount of Ca2+ decreased near the heat source slightly 
as compared to the raw material. This occurred for all tests. However, no significant 
change is noted at distances away from the heat source. The amount of K+ is found to be 
decreased (about 25%) for all cases.  
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Figure 6.13 Values of cations in thermal and thermo-hydraulic tests at 85 and 150 °C for (a) Na+ 
and (b) Mg2+ 
  
(a) 
(b) 
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Figure 6.14 Values of cations in thermal and thermo-hydraulic tests at 85 and 150 °C for (a) Ca2+ 
and (b) K+ 
  
(b) 
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Studies in the past have shown that cations exchange reactions occur in compacted 
bentonite due to thermal and thermo-hydraulic loadings, but structural degradation of 
smectite could not be identified (Dohrmann and Kaufhold 2014). Villar et al. (2008) 
stated that the amounts of Na+ and Ca2+ decreased near the heat source, whereas the 
amounts of K+ and Mg2+ increased. There was an increase in the amounts of Ca2+ and Na+ 
near the hydration source, whereas no significant change was noted for K+ and Mg2+. 
Gomez - Espina and Villar (2010) stated that the amount of Na+ near heat source 
decreased and it increased near the hydration source. The amounts of Ca2+ near the heat 
source increased, whereas it decreased near at the hydration source. The amounts of Mg2+ 
decreased near heater, whereas it increased near hydration end. No variation of K+ was 
noted for such tests. Bag (2011) noted that the concentrations of Na+ and Ca2+ near the 
heat source increased, whereas they decreased at the hydration source or at the cold end, 
both due to applied thermal and thermo-hydraulic gradients. The concentrations of Mg2+ 
generally increased at both heat source and hydration ends. The test results of Bag (2011) 
indicated no significant change in the concentration of K+ occurred after thermal and 
thermo-hydraulic tests.  
As can be seen, there are conjectural views concerning the variations of 
exchangeable/total cations both near and away from the heat source. The results in the 
current study showed some variations of cations, particularly near the heat source. 
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6.5 Summary 
 
The investigation for any mineralogical changes due to thermal and thermo-
hydraulic loadings is presented in this chapter. The samples from compacted bentonite 
specimens that were subjected to applied temperatures of 85 or 150 °C, and water 
injection pressure of 600 kPa or no water injection, were considered. X-ray diffraction 
(XRD) technique was used to investigate the mineralogical changes. Three different 
conditions of the samples were considered prior to the XRD tests.  
The test results showed that thermal gradient and thermo-hydraulic gradient 
caused dehydration and hydration of interlayers of the mineral montmorillonite which 
was accompanied by a decrease or an increase in the basal spacing. The basal spacing 
variations were different for thermal and thermo-hydraulic loadings. A variation of the 
basal spacing due to a redistribution of water within compacted bentonites clearly 
indicates that illitisation (phase transformation from montmorillonite to illite) did not 
occur for the testing conditions considered in this study. Illite mineral generally tend to 
show a fixed basal spacing (10 Å) irrespective of changes in the testing procedure. The 
conditions of the samples prior to the XRD tests influenced the basal spacing. The test 
results agree very well to the findings reported by several researchers in the past (Inoue 
1995, Pusch et al. 2003, Gómez-Espina and Villar 2010, Pusch et al. 2010, Gómez-Espina 
and Villar 2015). In 1982 Pytte introduced the empirical kinetic illitisation model. 
− >? >/⁄ = 9 × exp(BC DE⁄ ) × (F
G H-G⁄ ) × &?I (iv) 
where S is the mole fraction of the reaction product I/S, A is the pre-exponential factor, 
Ea is the activation energy, R the gas constant, T the temperature and m, n are coefficients 
depending on the K+/Na+ ratio and K+/Na+ are the concentrations in groundwater. Using 
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the above formula Wersin et al (2007) calculated that in a period of 200 years a bentonite 
specimen subjected to 150 °C will undergo a les that 5% illitisation. 
 The ion migration in bentonites due to thermal and thermo-hydraulic loading is 
presented in this chapter. Fractional total cations (both types and amount) were 
determined at various depths of compacted bentonite specimens after the thermal and 
thermo-hydraulic tests were terminated. Inductively Couple Optical Emission  
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Spectroscopy (ICP-OES) was used to measure the fractional exchangeable cations for 
sodium, calcium, magnesium and potassium.   
A variation in the total cations was distinct for all the cations, particularly near the 
heat source. However, the trends for thermal and thermo-hydraulic loadings were 
inconclusive. 
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CONCLUSIONS 
 
 
 
 
 
 
 
 
This thesis focused on the study of the coupled thermo-hydro-mechanical- behaviour 
of compacted MX80 bentonite under nuclear waste repository conditions (i.e., heavily 
compacted bentonites, high temperature, high fluid pressure, temperature 
isolation/thermal insulation). A commercially available MX80 bentonite was used in this 
study.  
Standard laboratory tests were carried out to exploit the properties of the bentonite 
prior the actual testing. A device was fabricated to carry out the non-isothermal and non-
isothermal hydraulic tests at a temperature of 150 °C, whereas a device already available 
was used to carry out the laboratory tests at a temperature of 85 °C. The new device 
enabled testing compacted bentonite specimens with dimensions, 100 mm dia. and 300 
mm high, whereas the specimen size in the available device was 100 mm dia. and 80 mm 
high.   
  Chapter 7 
174 
 
In total nine tests were performed with two different types of testing conditions, 
such as non-isothermal (four tests) and non-isothermal-hydraulic (five tests). For each 
type of test (non-isothermal and non-isothermal-hydraulic) two different thermal 
boundary conditions were considered. Compacted bentonite specimens were either 
subjected at a temperature of 150 °C or 85 °C at the bottom, whereas a temperature of 25 
°C was maintained constant the top of the specimens. During the non-isothermal 
hydraulic tests, de-ionized water was supplied from the top of the specimens at a 
temperature of 25 °C. The hydraulic pressure for four specimens in thermo-hydraulic tests 
was 600 kPa, whereas a nominal water pressure of 5 kPa was considered for one test. The 
duration of the tests varied from 90 to 300 days (i.e., 3 to 10 months). The temperature 
and relative humidity were measured along the length of the compacted bentonite 
specimens, whereas the axial stress was measured at the opposite end of the heat source 
(i.e., from the hydration end).  
Following the termination of the tests the bentonite specimens were dissected into 
smaller samples (i.e, slices of 20 mm thick). The samples were further used for 
determining the dry density, water content, and degree of saturation. The potential 
mineralogical changes in the compacted bentonite was investigated with the X-ray 
diffraction technique. The Inductively Coupled Plasma Optical Emission Spectroscopy 
(ICP-OES) was used to measure the concentration of the cations in the bentonite samples.  
Some of the findings from the current study concerning the moisture transfer from 
regions of a high temperature to a low temperature and studies of the mineralogical and 
ion changes confirm the findings reported in the past by various researchers. The findings 
from the current study further emphasizes several novel aspects including the impacts of 
a change in boundary conditions from thermal to thermo-hydraulic, and within each 
boundary conditions, a change in the temperature from 85 to 150 °C on the thermo-hydro- 
  Chapter 7 
175 
 
mechanical response of compacted bentonites. The characteristics of thermal insulation 
on its potential influence on the thermo-hydro-mechanical response of compacted 
bentonites is brought out in detail. 
Based on the test results from the investigation reported in this thesis, the following 
conclusions are drawn. 
 
Influence of non-isothermal loading: 
1. The applied thermal gradient caused a decrease in the water content, relative 
humidity and degree of saturation, and an increase in the dry density at distances 
closer to the heat source indicating that compacted bentonites specimens 
underwent a shrinkage process. Opposite trends were observed at distances away 
from the heat source (an increase in the water content, relative humidity and 
degree of saturation, and a decrease in the dry density) indicating that compacted 
bentonite specimens underwent a wetting process. These findings are associated 
with moisture diffusion from hotter to cooler regions on account of applied 
thermal gradient and condensation occurring at cooler regions. These findings are 
in agreement with studies reported by several researchers in the past. 
 
2. Due to an applied thermal gradient, a rise in the temperature within compacted 
bentonites was found to be dependent upon the characteristics of the thermal 
insulation surrounding the compacted bentonites. A use of a thicker insulation 
during the tests reduced the heat emission from compacted bentonites and caused 
an increase in the temperature, decrease in the relative humidity, and a decrease 
in the water absorption. A decrease in the relative humidity and water content in  
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this case is related to the thermodynamic effect at a constant water vapour since 
the vapour pressure in air decreases with an increase in the temperature.    
 
3. Due to the applied thermal gradients, the axial stress increased and further 
decreased before attaining an equilibrium. The equilibrium axial stresses were 
found to be far smaller than the maximum axial stresses exhibited by the 
specimens. The development of maximum axial stress of different magnitudes, 
and similar axial stress for specimens at the equilibrium suggested that the 
equilibrium axial stress was independent of the applied thermal gradients under 
constant volume condition. 
 
Influence of non-isothermal-hydraulic loading: 
4. The applied thermo-hydraulic loading on a specimen with boundary 
temperatures 25 - 85 ℃ caused the increase of the water content and degree 
of saturation whereas the dry density and suction decreased. The findings 
come into an agreement with the studies performed from other researchers.  
 
5.  Comparing applied thermal and thermo-hydraulic loadings at same 
temperature (85 or 150 °C), the results showed that the applied thermo-
hydraulic loadings reduced the drying effects at and near the heat source 
accompanied by an overall increase in the water content within compacted 
bentonites. A large portion of bentonite underwent the wetting process. At the 
same applied temperature (85 or 150 °C), the temperature profile did not alter 
significantly, whereas there was an overall increase in the relative humidity.  
A significant increase in the axial stress occurred due to a primarily increase 
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of the water content; however, the impact of higher applied temperature and 
water injection pressure did not significantly affect the magnitude of the axial 
stress in equilibrium. 
 
6. Three equations for the temperature and relative humidity profiles derived 
from the experimental results of the non-isothermal and non-isothermal 
hydraulic tests. These equations used to model a previous work with similar 
boundary conditions and found similar profiles with those documented in the 
literature.  
Influence of thermal and thermo-hydraulic loadings on mineralogy: 
7.  The conditions of the samples prior to the XRD tests influenced the basal 
spacing. The applied thermal and thermo-hydraulic gradients were found to 
cause dehydration (towards the hotter regions) and hydration (towards the 
cooler regions) of the interlayers as indicated by a decrease or an increase in 
the basal spacing of the mineral montmorillonite. A variation of the basal 
spacing (c-axis spacing) was found to be different for thermal and thermo-
hydraulic loading conditions. The test results clearly showed that variations of 
the basal spacing was due primarily to the redistribution of water within 
compacted bentonites and no mineralogical phase changes took place for the 
maximum duration of the tests considered in this study (10 months).  
 
8. Due to applied thermal and thermo-hydraulic gradients, a variation in the 
cations concentrations was noted, particularly near the heat source. However, 
any specific trend for the changes in the ion concentration for thermal and 
thermo-hydraulic loadings was inconclusive. 
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Suggestions for Further Works. 
• Since there is a limited amount of studies in the literature for temperatures 
above the 100 °C it would be beneficial to replicate the tests conducted at 150 
°C. It would be very useful to investigate whether tests running for longer 
periods could show any differences in the profiles. 
 
• Another aspect that would be beneficial to be investigated is the radial 
swelling pressure generated from the expansion of the specimen. Also in the 
same terms it would be very interesting to capture in real time the potential 
shrinkage of the bentonite specimen during the heating period. 
 
• The equations and generally the results derived from this study can be used to 
improve/optimize various existing numerical models that are used to study the 
coupled thermo-hydro-mechanical and chemical behaviour of unsaturated 
soils from research groups all around the globe. 
 
• Finally large scale tests should be conducted to see how a buffer material 
reacts in real life conditions. As can be seen in section 2.7 there are several 
facilities around the world that can host a real size tests either in underground 
laboratories built in rock formations or in laboratories that use large scale 
equipment. 
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